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Abstract: The paper presents the method of selection of hard coals applied in reducing mixtures used in ferroalloy 

production technologies. The graphical relationship between reflectivity and reactivity towards SiO as well as 

reflectivity and the content of hard carbon Cfix has been presented. The use of hard coal in place of coke is associated 

with the release of significant amounts of volatiles contained in the coal. Increasing the amount of volatile matter may 

favor the increased generation of NOx from the fuel mechanism due to the nitrogen content in the organic matter of 

coal. The influence of the thermal mechanism of NOx generation may be limited due to contradictory phenomena. On 

the one hand, it is possible to have a higher calorimetric combustion temperature of post-reaction gases (due to the 

content of coal degassing products), and on the other hand, reducing the amount of energy released from SiO 

afterburning (less SiO due to higher silicon yields). The higher yield of silicon is related to the higher reactivity of 

appropriately selected hard coals. The mechanisms of NOx formation were presented together with measurements made 

during the production of the most popular ferroalloy FeSi75. Measurements were carried out along the two axes P1 

and P2 in the furnace hood at three distances from the center of the pitch diameter of the electrodes. 
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1  Introduction 

Ferrosilicon smelting is a continuous process carried 

out in the submerged arc furnaces with the Søderberg 

self-baking electrodes [1-3]. Respectively granulated 

raw materials are charged into the furnace from the top, 

in the form of the mixture batch consisting: quartzite, 

carbon reducers (hard coal, coke and wood chips), 

carriers of iron (mill scale or iron chips). One of the 

most important structural elements of the ferrosilicon 

furnaces are immersed in the charge electrodes which 

bring electricity required for the process. Most often 

these are self-baking Søderberg electrodes [2]. 

Necessary heat for the highly endothermic reduction 

reactions of silica is generated through resistive heating 

direct in the furnace charge as a result of current flow, 

and through arc radiation in the arc gas chambers 

located near the electrodes tip. Periodically, 

approximately at equal time intervals molten metal is 

tapped into the ladle, through one of the tap holes 

located in the side wall near to the furnace hearth. A 

significant impact on the efficiency of the process have 

got metallurgical conditions of reaction zones, in 

particular the appropriate balance of coal and heat 

distribution in the reaction zones.  

Due to their properties, ferroalloys (ferrosilicon, 

ferromanganese, ferrochrome) are widely used in the 

metallurgical and chemical industries [1,2]. The most 

popular ferroalloys are ferrosilicons (FeSi65 and 

FeSi75), used in the steel industry for steel deoxidation 

and as alloy additives.  

The carbon reducer in the process of smelting 

ferroalloys with the electrothermal reduction method is 

the source of carbon involved in the reduction processes 

and affects the physical properties of the batch mixture. 
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The use of carbon reducers in the form of hard coal 

mixtures in the production of ferroalloys may be the 

cause of an increased generation of nitrogen oxides from 

the technological process. For the formation of nitrogen 

oxides is responsible the mechanism of fuel and thermal 

oxides. It should be expected that in a properly 

conducted technological process the advantage 

constitute oxides generated by the fuel mechanism. 

Occasional SiO combustion above the charge surface as 

a result of uncontrolled gas discharge from the lower 

reactor in the air oxidizing atmosphere causing local 

temperature rise and generation of thermal nitrogen 

oxides. The incidental occurrence of such a phenomenon 

suggests its minor importance in the total NOx 

emissions. In the upper layer of the charge, the 

temperature is lower than that considered necessary for 

the occurrence of the thermal NOx, and additionally 

there is a reducing atmosphere, rich in CO [4].  

The aim of this work was to present the method of 

selecting hard coals applied in reducing mixtures used in 

ferroalloy production technologies, to describe the 

potential mechanisms of  NOx formation and to measure 

the composition of post-process gases, with particular 

emphasis on NOx. 

 

2  Aspects of the selection of carbon reducers 

 

The possibility of using a wide range of carbon 

reducers, from coke through mixtures of hard coal to 

charcoal in the production of ferroalloys, requires their 

proper selection. Leading producers of ferroalloys, by 

choosing hard coals for the process, in addition to 

paying attention to the previously mentioned parameters 

and the content of Cfix hard carbon, perform additional 

measurements. They are to determine the qualitative 

suitability of a given raw material for production. Such 

measurements include the determination of the reactivity 

of the tested hard coal towards SiO [5].  

The measurement method used is very burdensome 

for the sake of serious difficulties in generating SiO gas, 

which then reacts with the tested reducer. The method 

was developed by the SINTEF research foundation 

founded in 1950 and adopted as the standard reaction 

test. This method is burdensome, and not without 

significance are the high costs of the apparatus and the 

costs of electricity necessary to carry out the tests. 

During the research on the suitability of coals for the 

electrothermal smelting of ferroalloys, mainly by the 

SINTEF method, a relationship between the reactivity 

towards SiO and the reflectivity of the carbons was 

found [5]. The evaluation of the characteristics of coals 

useful for the silica reduction process was confirmed not 

only by laboratory tests, but also by observations in 

industrial facilities. In simplified terms, it can be 

assumed that carbons with low reflectivity are 

characterized by better reactivity towards SiO. During 

their tests using the SINTEF method, less unreacted 

gaseous SiO flowed into the afterburning chamber to 

SiO2,  which was shown in Figure 1 [6].  The graphical  

 

 
Figure 1  Dependence between reactivity to SiO and coal 

reflectivity (next to the point, values of dry, ash-free volatile 

matter in % were placed) [6] 

 
relationship presented in Figure 1 is extremely important 

for determining the expected technological properties of 

new coal grades without the need to perform 

complicated and onerous SINTEF tests. 

Determining the vitrinite reflectivity in carbon according 

to the standards is much simpler and cheaper. In the 

selection of a carbon reducer, apart from technological 

aspects, an economic criterion is also important. In 

chemical reactions essential for obtaining the final 

product takes part the so-called hard carbon Cfix. 

Therefore, in the economic aspect, it is important to 

select such carbon reducers which apart from high 

reactivity are characterized by the highest possible Cfix 

content. Figure 2 shows the dependence of the Cfix 

content in hard carbon on the reflectivity during 

selection of carbon reducers. Using Figures 1 and 2, 

hard coals with good reactivity and appropriate Cfix 

content can be distinguished. However, it should also be 

taken into account that hard coal is a mineral of organic 

origin with variable properties, even if it comes from the 

same seam [7]. Changing the type of reductant from 

metallurgical coke with low volatile content to hard coal 

or their mixture caused the appearance of a significant 

amount of volatile components above the charge 

surface. This phenomenon may contribute to the 

increased concentration of nitrogen oxides generated 

from the fuel mechanism in post-process gases. 
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Figure 2 Dependence between carbon Cfix contents and coal 

reflectivity (next to the point, values of dry, ash-free volatile 

matter in % were placed) [6] 

 

3  Mechanisms of nitrogen oxides formation 

Nitrogen content in coal is 0.5% to 2% [8], reaching 

maximum for elemental carbon  Cwaf = 85% [9]. Coal 

typically contains 1% to 2% of nitrogen with bituminous 

coals usually containing 1.5–1.75% and anthracites 

mostly containing less than 1%. The presence of 

nitrogen in coal has not been fully understood and 

described yet. There is far better knowledge of the 

structures of sulphur and oxygen than those of coal-

nitrogen. Due to difficulties encountered in 

investigations of nitrogen content in coal, indirect 

methods of analysis are used and structures present in 

coal extracts or high-temperature coal tars are 

determined. A structural formula of one  nitrogen 

binding in the coal matrix is shown in Figure 1 below 

[10]. 

 

 
Figure 3 A structural formula of one  nitrogen binding in the 

coal matrix[10] 

 

The product of primary pyrolysis, nitrogen-containing 

volatile matter, undergoes secondary pyrolysis to 

produce HCN, NH3, CN and N2. HCN, NH3 and CN are 

oxidised to NOx and N2O. One part of N2 is formed 

directly during pyrolysis, while the other is formed 

through NOx reduction by hydrocarbon radicals or in a 

reaction with CO. 

The composition of nitrogen-containing volatile 

matter (HCN, NH3, NOx) is influenced by coal types. 

Studies related to oxygen deficiency ( = 0.5–0.8) 

revealed that in case of anthracite, only NOx (and not 

HCN or NH3) was formed in the amount of 17.5%. For 

bituminous coals, the amount of HCN is higher than that 

of NH3 and increases with the increase in coal volatile 

matter content to produce 6–11% of NOx. Low-rank 

coals (subbituminous coals and lignites) release the 

highest amounts of NH3 and HCN, but less NOx than 

bituminous coals. The studies of model nitrogen-

containing liquid combustion showed a similar 

conversion of different types of compounds into NOx 

[11]. Many studies suggest that emissions of specific 

coal nitrogen compounds during combustion are 

strongly related to the reaction stoichiometry. Air 

deficiency promotes N2 formation, while its excessive 

amounts lead to NOx formation [12].  

Complex mechanisms of nitrogen oxide formation 

during coal combustion have been classified using the 

source of nitrogen and divided into two basic groups [13-

15]: 

➢ fuel processes: oxidation of nitrogen compounds that 

are chemically bound with the fuel organic matter, 

➢ thermal processes: reactions of atmospheric nitrogen 

with atomic oxygen that is produced at high 

temperatures. 

Historically, the first homogeneous mechanism of NO 

formation is a thermal mechanism. The thermal 

mechanism of nitrogen oxide formation from molecular 

nitrogen is a sequence of chemical reactions that occur 

independently of the combustion process. 

After a series of experiments conducted in a flow 

reactor at 1653 K to 1798 K, Tomeczek and Gradoń [16] 

proposed a concept of extended thermal mechanism. 

Measured NO concentrations were far higher than those 

calculated according to the Zeldowicz mechanism [13]. 

The authors proposed the extended thermal mechanism 

based on five reactions: two reactions were adopted 

from the Zeldowicz mechanism [13] and three reactions 

were adopted from the N2O mechanism developed by 

Malte and Pratt [17]. 

Nitrogen that is chemically bound with the fuel 

releases from coal during devolatilisation or during char 

combustion. In case of devolatilisation, nitrogen mainly 

moves to the gaseous phase as hydrogen cyanide HCN. 

Due to rapid oxidation, the compound is primarily 

transformed into NCO and NHi radicals. Miller et al. 

[18] presented a cycle of fuel-nitrogen transformations 

into NO or N2 in the following simplified scheme: 

 

 

   NO 

   N 2 
  Fuel nitrogen  N    HCN    NCO     NH i 

    N 

 
In general, mechanisms of fuel-nitrogen oxide formation 

are assumed to poorly depend on temperature, contrary to 
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thermal NO formation  [19]. Fuel-NOx plays a key role 

during coal combustion within the temperature range of 

1500–2000 K [9]. 
 

4  Measurement of  composition of post-process gases 
 

Below are the measurements of the composition of 

post-process gases at a height of 2 m above the edge of 

the furnace tub, while the exhaust gases are discharged 

through the bypass. Figure 4 shows the location of 

points where furnace gas analyzer  probe was 

introduced.  

Table 1 Composition of post-process gases above the 

edge of the furnace bath [20]. The composition of the 

post-process gas was measured with the IMR 3000 P 

exhaust gas analyzer equipped with electrochemical 

sensors: O2 with a range of 0 ÷ 20.9%, CO with a range 

of 0 ÷ 60,000 ppm, SO2 with a range of 0 ÷ 4,000 ppm, 

NO with a range of 0 ÷ 2,000 ppm, NO2 with a range of  

 

 
Figure 4  Location of points where furnace gas analyser 

probe was introduced 

 

0 ÷ 4,000 ppm. Due to the large range of the CO sensor 

in the IMR 3000 P, the WAG-1 analyzer was used in 

parallel, which was equipped with sensors: 

electrochemical  CO  with  a  range of  0 ÷ 2,000  ppm, 

electrochemical O2 with a range of 0 ÷ 100%, FTIR 

CO2 with a range of 0 ÷ 100%, FTIR CH4 with a range 

of 0 ÷ 100%. The temperature was measured with a K-

type thermocouple placed in the aspiration probe. The 

measured values were similar to those read from the 

temperature sensor placed in the probe of the IMR 3000 

P exhaust gas analyzer. 

 

 

 

 

 

Table 1 Composition of post-process gases  

above the edge of the furnace bath [20] 

Distance from the furnace axis - 2,75 m 

Gas temperature 
Point 1 Point 2 

414°C 396°C 

Component Value 

O2 % 20,0 20,2 

CO2 % 1,9 1,8 

CO ppm 50 80 

CH4 % 0,1 0,2 

NO ppm 35 82 

SO2 ppm 2 1 

Distance from the furnace axis - 2,25 m 

Gas temperature 
Point 1 Point 2 

366 oC 220 oC 

Component Value 

O2 % 19,9 19,7 

CO2 % 1,5 2,4 

CO ppm 40 40 

CH4 % 0,2 0,1 

NO ppm 17 10 

SO2 ppm 3 1 

Distance from the furnace axis - 1,90 m 

Gas temperature 
Point 1 Point 2 

299 oC 270 oC 

Component Value 

O2 % 20,3 19,9 

CO2 % 1,1 1,1 

CO ppm 20 20 

CH4 % 0,2 0,1 

NO ppm 16 36 

SO2 ppm 3 1 

 

5  Conclusions 

Appropriate verification of hard coals used in the 

technology of ferroalloys production may contribute to 

the reduction of their consumption in the input materials. 

Initial verification is proposed to be carried out with 

the use of vitrinite reflectivity as a quantity related to the 

reactivity towards SiO. 

The presence of volatile components in the reducer 

may favor the generation of nitrogen oxides associated 

with the fuel mechanism. 

Reducing the amount of SiO in post-reaction gases, 

as a result of the higher reactivity of the coals used, 

lowers their combustion temperature, which may have a 

positive effect on the reduction of nitrogen oxides 

generation related to the thermal mechanism. 
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