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Iron and Na20-Si02 Slag: Part I. Thermodynamics 
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The nitrogen partition ratio between Na20-SiO2 slags and carbon saturated iron was measured for slags 
containing from 0.4 to 0.55 mole fraction of Na20 and the temperature range 1200 ~ to 1350 ~ The 
nitrogen is dissolved in the slag as the cyanide ion (CN-) and the partition ratio is proportional to the 
oxygen pressure to the -V4 power as predicted for CN- dissolution. The oxygen pressure for carbon 
saturated iron silicon alloys is controlled by the Si (metal)-SiO2(slag) equilibrium. The nitrogen 
partition ratio and the cyanide capacity increase with Na20 content and temperature. Calculations 
indicate that NazO-SiO2 slags will absorb three times more nitrogen than CaO-A1203 slags at the same 
basicity and temperature. Based on thermodynamic calculations it is estimated that for a typical 
NazCO3 hot metal treatment, half of the nitrogen in the metal could possibly be removed. 

I. INTRODUCTION 

THERE has been a growing emphasis on the production of 
clean steels low in residual elements. Processes have been 
developed to remove sulfur, phosphorus, carbon, and total 
oxygen to extremely low levels. Hydrogen can be reduced 
to less than 1.5 ppm by vacuum degassing. Some nitrogen 
will be removed during BOF steelmaking by the flushing 
action of the CO and 10 pct to 20 pct can be removed by 
vacuum degassing. However, a commercial chemical pro- 
cess for reducing the nitrogen content to low levels does 
not exist. 

Hot metal treatments have been developed in order to 
optimize the steelmaking process and to remove sulfur and 
phosphorus. The most common reactants used are CaO, 
CaO-Mg, Mg, CaC2, and Na2CO3. Soda ash (Na2CO3) is 
capable of simultaneously removing sulfur and phosphorus 
at the low oxygen potentials associated with carbon satu- 
rated iron. The Na2CO3 treatment has become more attrac- 
tive since a refractory material for the process as well as a 
process for recycling the soda ash have been developed. 

When Na2CO3 is added to hot metal the resulting slag 
is Na20-SiO2. In recent work the solubility of nitrogen in 
Na20-SiO2 slags in equilibrium with carbon and CO-N: gas 
mixtures has been measured,l' 2 and the results indicate that 
the slags can absorb significant quantities of nitrogen. How- 
ever, the equilibrium distribution partition ratio for nitrogen 
between carbon saturated iron and Na20-SiO2, (pct N)slag/ 
[pct N]me~, has not been measured. In addition, there is no 
information on the kinetics of the nitrogen reaction for this 
system. Exploratory plant studies indicated that Na2CO3 
treatment can remove nitrogen from hot metal, but the 
mechanism and physical chemistry are not known. 

It is the purpose of the present work to determine the 
thermodynamics and kinetics of the nitrogen reaction 
between Fe-CsAT-Si-N alloys and NazO-SiO2 slags. In Part I 
the results of the investigation of the thermodynamics of the 
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reaction as a function of slag composition, oxygen potential, 
and temperature are given. 

II. EXPERIMENTAL 

A schematic of the experimental arrangements used is 
shown in Figure 1. In one set of experiments, five grams of 
a Na20-SiOz-NaCN slag was equilibrated with five grams of 
a carbon saturated Fe-Si-N alloy in a graphite crucible as 
shown in Figure l(a). With this experimental setup there is 
a possibility of Na20 loss for NazO-rich slag by the reaction 

Na20 + C = 2Na(v) + CO [1] 

In order to maintain a constant sodium potential, a second 
experimental arrangement was used in which ten grams of 
a lead-sodium alloy containing 0.08 pct to 0.2 pct Na was 
equilibrated with five grams each of the slag and iron alloy. 
The iron alloy floats between the two melts as shown in 
Figure 1 (b) because of the difference in densities. The solu- 
bility of Pb in the iron alloy is negligible. The lead-sodium 
alloy insures a constant Na potential in the system. 
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Fig. 1 - -  Schematic of experimental arrangements. 
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The carbon crucible with its contents was heated in a SiC 
resistance furnace equipped with a mullite reaction tube. 
The reaction temperature was primarily 1200 ~ however, 
the temperature dependence of the reaction was measured 
from 1200 ~ to 1350 ~ The hot zone of the furnace was 
100 mm. After equilibration, the graphite crucible was 
taken out, the melt was quenched under argon flow, and 
samples taken for chemical analysis. Silicon in the iron alloy 
was analyzed by molybdenum blue photometric method, 
silica in the slag by gravimetric method, nitrogen in iron 
alloy and slag by water vapor distillation-titration method 
(Kjeldahl method), cyanide by selective cyanide ion elec- 
trode, sodium in lead alloy and slag melts by atomic absorp- 
tion method, and FeO and FeO~ 5 in slag by photometric 
orthophenanthroline method. In several cases the slags were 
analyzed for nitride (N-3) and the concentration of the ni- 
tride was less than 0.001 pct. In the experiment, the mea- 
surement of nitrogen solubility in NazO-SiO2 slag at 1100 to 
1300 ~ 1'2 the content of nitride ion, was also found to be 
negligible compared to the content of cyanide ion. Each iron 
alloy was melted at the experimental temperature, and it was 
confirmed by nitrogen analysis that carbon saturated iron 
was saturated with nitrogen. In each experiment, iron alloys 
were mixed to obtain a prescribed silicon and nitrogen con- 
tent in carbon saturated iron. Reagent grade sodium carbon- 
ate, silica, and sodium cyanide powders were mixed to get 
a desirable content for Na20-SiO2-NaCN melts and charged 
into graphite crucible. Initial contents of nitrogen in slag and 
iron alloy were selected to be close to the expected equi- 
librium partition of nitrogen estimated from the results of 
solubility of nitrogen in NazO-SiOz melts. 1'2 

Preliminary experiments were conducted to determine the 
time necessary to establish equilibrium. In one series of 
experiments there was a high concentration of nitrogen in 
the slag and nitrogen was transferred from slag to metal; in 
another series the opposite conditions were used. The nitro- 
gen partition ratio was measured as a function of time. The 
change in the nitrogen partition ratio with time is shown in 
Figure 2. The nitrogen partition ratio was the same after 2 
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Fig. 2--Change of nitrogen partition ratio with time at 1200 ~ 

hours for nitrogen transfer from slag to metal and metal to 
slag, indicating equilibrium was achieved. The decrease in 
the nitrogen partition ratio after 2 hours is due to the change 
of silicon content in the metal which lowered the oxygen 
potential. Schwerdtfeger et al.12 found that larger equili- 
bration times were necessary in their study of the solubility 
of nitrogen in CaO-A1203 slags. However, they used much 
larger samples (100 g), and equilibrium was between the 
slag and the gas phase, while in these experiments, the 
slag-metal equilibrium was investigated. Tsukihashi et al. 1.2 
conducted similar experiments for the measurement of phos- 
phorus, manganese, vanadium, niobium, and antimony dis- 
tribution between Na20-SiO2 slag and carbon saturated iron 
and of the nitrogen solubility in Na20-SiO2 slag and re- 
ported that the system is in equilibrium in 0.5 to 2 hours, 
depending on the slag basicity. In the normal experiments, 
nitrogen was present in both slag and metal and the starting 
ratio was close to equilibrium. Also, the necessary equili- 
bration time would be less for higher temperatures and 
Na20 contents since the slags are less viscous under those 
conditions. The equilibration time varied from 0.5 hour to 
2 hours depending on conditions; the short times were used 
for high Na~O slags and high temperatures to minimize Na 
loss by vaporization. For most conditions, equilibrium was 
approached from both sides to insure the equilibrium par- 
tition ratio was obtained. That is, in separate experiments 
the initial partition ratio was above and below the antici- 
pated equilibrium value; only if the final ratios for the two 
experiments were in reasonable agreement were the values 
taken as representing equilibrium. 

III. RESULTS AND DISCUSSION 

A. Effect of Oxygen Potential 

In order to measure the effect of oxygen potential on the 
nitrogen partition ratio, the silicon content of the metal was 
changed anticipating that the partial pressure of oxygen 
would be set by the silicon-silica equilibrium 

Si(l) + O:(g) = SiO2(1) [2] 

AG ~ = -948,000 + 200T J/mole 4 

The partial pressure of oxygen (Po2) is given by 

as'~ [3] 
Po2 Ys, XsX2 

where K2 is the equilibrium constant for reaction [2], Ys, is 
the activity coefficient of Si relative to pure Si, Xsl is the 
mole fraction of silicon, and as,o2 is the activity of SiO2 in 
the slag relative to pure liquid SiO2. 

In the experiments with the Pb-Na alloy it was found that 
reaction [4] was controlling the Po2- 

1 
2Na(1) + -~- 02 = Na20(l) [4] 

AG ~ = -373,500 + 107.3T J/mole 4 

The partial pressure of oxygen is given by Eq. [5], where 
the terms are defined as in Eq. [3]: 

( aNa2 ~ x~ 2 
Po2 = \(vNaXN.)zK4/ [5] 

536--VOLUME 17B, SEPTEMBER 1986 METALLURGICAL TRANSACTIONS B 



The values for the activities of Na20 and SiO2 in the 
Na20-SiO2 slag were taken from the work of Tsukihashi, 
et al. ,5 which was in good agreement with other w o r k .  6 '7  

The activity of silicon in carbon saturated iron is also 
known. 2'8 The values for the activity coefficient of Si in 
carbon saturated iron and of Na in Pb-Na alloys at low 
concentration are 1.67 x 10 -3 and 0.315, respectively, at 
1200 ~ the concentrations are low enough to assume 
Henry's Law. 

The nitrogen partition ratio at 1200 ~ is plotted vs oxy- 
gen partial pressure in Figure 3. Since the nitride concen- 
tration is negligible, nitrogen exists primarily in the slag as 
the cyanide ion. The equilibria between slag and metal can 
be written as 

1 2 1 
N +  C + 5 0 -  = CN- + ~ O 2  [6] 

and the equilibrium constant is given by 

K6 fcN-(pct CN-)Po: TM 
= [7] 

fN[pct N]acao-: 1/2 

where ac and ao-2 are the activities of carbon in the metal 
and oxygen ions in the slag, respectively, fN is the activity 
coefficient of nitrogen in the metal relative to 1 wt pct, and 
fCN- is the activity coefficient of CN- in the slag relative to 
1 wt pct. 

The activity of carbon is unity because a graphite crucible 
was used in the experiments. The slag composition for each 
point in Figure 3 is nearly constant; therefore, it is assumed 
that the activity of O -2 is constant. Since it is reasonable to 
consider that the activity coefficient of CN- and N are 
constant with changing the partial pressure of oxygen, it is 
expected that the nitrogen partition ratio should be propor- 
tional to the partial pressure of oxygen to the - 1/4 power and 
the slope of the line in Figure 3 should be - �88 On the other 
hand, if nitrogen dissolves as nitride in slag, the reaction is 
given by 

3 0 : -  = N 3- 3 + ~ + q-o :  [81 

Equilibrium constant is given by 

C 

-I 
-21 

i I 

1 2 0 0 * C  

XN,=O/Xmoz = 0.95-1.02 

~P 
0 

o Si-SiO 2 

�9 Na-Na20 t ~ ' - - . - - . . _ _ ~  
+ C-CO 4 

-2o - ,;  -r -,; 
log %= (olm) 

-16 

Fig. 3 - - E f f e c t  of oxygen partial pressure on nitrogen partition ratio at 
1200 ~ 

K8 [fN_3(pc t KI3 -'%'1D3/4 = l, /, '0~ [9] 
[fN(pct N)]a~ 2- 

Assuming that the activity of 02- and the activity coefficient 
of N 3- and N are independent of the oxygen partial pressure, 
the nitrogen partition ratio should be proportional to the 
partial pressure of oxygen to the -3/4 power. The actual 
slope of the line calculated from the experimental results 
determined by using the least squares method is -0.26,  
which is in excellent agreement with the prediction that 
nitrogen dissolves as cyanide in Na20-SiO2 slag. There- 
fore, it is concluded that the reaction of nitrogen between 
NazO-SiO2-NaCN melts and carbon saturated iron is repre- 
sented by reaction [6] and the partition ratio is proportional 
to the partial pressure of oxygen to the - �88 power. Further- 
more, the partial pressure of oxygen in the Na20-SiO2- 
NaCN slag-carbon saturated iron system under an argon 
atmosphere is controlled by the Si-SiO2 equilibrium at the 
slag-metal interface. 

Tsukihashi et al. 1.2 measured the solubility of nitrogen 
in Na20-SiO2 melt at 1200 ~ under constant oxygen par- 
tial pressure of 2.10 • 10-18 atm which was controlled by 
C-CO equilibrium. The nitrogen content of carbon saturated 
iron that would be in equilibrium with their gas mixtures can 
be calculated. The reaction is given by [10] and the equi- 
librium constant by [11] 

1 N 2  = N [101 
2 

AG ~ = 3595 + 23.87T J/mole 9 

fN[pct N] 
K10 - 1ol/2 [11] 

a N 2 

The activity coefficient of nitrogen in carbon saturated iron 
for the infinitely dilute reference state is 4.0. lO, ll Using the 
calculated nitrogen content of the metal, the partition ratio 
is calculated at the oxygen partial pressure in equilibrium 
with carbon and carbon monoxide; this point is shown in 
Figure 3 and is in agreement with the present results. 

B. Effect of Basicity 

The basicity of a Na20-SiO2 slag can be defined by 
Eq. [12] 

B = XN.~o [121 
X s i o 2  

where X represents the mole fraction. 
The effect of basicity on the nitrogen partition ratio at a 

partial pressure of oxygen of 1 x 10 -20 atm is shown in 
Figure 4. Since the actual Si levels in the metal were not 
exactly the same in each experiment shown in Figure 4, the 
partition ratio was calculated for 1 x 10 -2~ atmospheres 
assuming the ratio was proportional to Po2-1/4; the correction 
was less than 15 pct. The broken line in Figure 4 shows the 
partition ratio calculated from the solubility of nitrogen at an 
oxygen potential of 2.1 • 10 -18 atm. The partition ratio 
increases significantly with Na20 concentration in the slag. 

C. Temperature Dependence 

The temperature dependence of the nitrogen partition 
ratio for the equimolar composition (B = 1) from 1200 ~ 
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Fig. 4--Effect of basicity on nitrogen partition ratio at 1200 ~ 

to 1350 ~ is shown in Figure 5 for an oxygen pressure of 
1.0 • 10 -~8 atm. As described previously, the measured 
partition ratios were corrected slightly for the different 
oxygen pressures; the correction was less than 15 pet. The 
solubility results of Tsukihashi et al. ~' 2 where converted to 
partition ratios are shown in Figure 5 to be in good agree- 
ment with the present study. The temperature dependence of 
the partition ratio for B equal to one is given by 

(pet N) 1.11 • 104 [13] 
log [pet N---~ = 7.94 T 
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Fig. 5--Temperature dependence of nitrogen partition ratio for 
XN,~o/Xs,o2 = 1 from 1200 ~ to 1350 ~ 

D. Cyanide Capacity 

In order to compare the ability of a slag to absorb nitrogen 
as CN-, it is convenient to use the concept of the cyanide 
capacity. The reaction for the absorption as cyanide can be 
written as 

1 1 2 1 - N2 + C + -~-O- --- CN- + -~-O2 [14] 

KI+ fcN-(pct CN-)Po~  TM 

= pN2tl2acao_2l/2 [ 15] 

The cyanide capacity CcN- is defined similarly to the sulfite 
capacity and is given by 

CcN- -  (pet CN-)Po2  TM 
- [ 1 6 ]  OcPN21/2 

and is related to the equilibrium constant gl4 by 

gl4a~g2 
CCN- -- - -  [17] 

feN- 
Substituting the equilibrium partial pressure of oxygen 

and nitrogen and the concentration of CN- in the slags, the 
cyanide capacity was calculated. The cyanide capacity at 
1200 ~ is given as a function of basicity in Figure 6, along 
with that previously reported by Tsukihashi et al. t, 2 There 
is good agreement with the values at low basicity but not at 
high basicities. The present results at high basicities are 
subject to large uncertainties for the following reasons. The 
reaction time was short, 30 minutes, in order to avoid Na20 
loss, and equilibrium may not have been achieved. Uncer- 
tainties also arise in the calculation of Po2 because of possi- 
ble errors in the values used for the activity of SiO2. 

The temperature dependence of the cyanide capacity is 
given by 

1.24 • 104 
log CCN- = 2.74 T [18] 
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There have been previous measurements of the solubility 
of nitrogen in CaO-A1203 and CaO-AI203-SiO2 slags. 12,13,14 
In these slags the nitrogen dissolves as CN- and N -3 ions. 
In general the cyanide capacity increases with basicity and 
temperature. At the oxygen pressures of interest the concen- 
tration of CN- is significantly higher than that of N -3. In 
order to compare the cyanide capacity of Na20-SiO2 slags to 
CaO-AI203 slags, the present results were extrapolated to 
1600 ~ (assuming Eq. [18] is valid to 1600 ~ The 
cyanide capacities are compared in Figure 7. The cyanide 
capacity of Na20-SiO2 slags is about three times higher 
than CaO-AI203 slags. 

E. Activity Coefficient of NaCN 

Since the free energy change of reaction [19] is known, 
the activity coefficient of NaCN (1) can be calculated from 
results of measurements. 

N + C + Na20(1) = NaCN(1) + ~O2 [19] 

AG ~ = 101,500 - 53.88T J/mole 4 

The equilibrium constant is given by 
rq /4  

aNaCNr6L [20] 
KI9 = ~ ~1/2 

aNt~ Ct~Na20 

g l 9 ( f  N [ p c t  N ] )  ~1/2 ac-Na~O [21] 
")/NaCN = X D1/4 

NaCN r O2 

The activity coefficient of NaCN is given by Eq. [21], 
where YNaCN is the activity coefficient of NaCN in slag 
relative to pure liquid NaCN. The activity coefficient of 
NaCN calculated from Eq. [21] is shown in Figure 8. Ac- 
tivity coefficient is increasing with increasing the basicity 
of slag. 
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E Heat of Solution of NaCN 

Since the cyanide capacity is based on reaction [14], 
which is the equivalent of reaction [22], the heat of reaction 
[22] can be calculated from the slope of the line in Figure 5 
and is 56.6 kcal (237 kJ) 

1 1 1 "~-N2 + -~-(Na20) + C = (NaCN) + -~ 02 [22] 

The Na20 and NaCN are dissolved in the slag. The heat of 
reaction [22] if all compounds are in their standard state 
(pure) is 25.1 kcal (105 kJ). The differences in these heats 
of reaction, (�89 ~ - AH~N) is equal to 31.5 kcal 

a2u H (132 kJ) where AHNa2o and a NaCN are the partial molar 
heats of solution of Na20 and NaCN in the slag, respec- 
tively. Yamaguchi et al. 6 and Rego et al. 7 measured the 
value of AHN,2O for the Na20-SiOz system; for Xr%o = 0.58 
the value is - 3 0  kcal/mole (-125 kJ/mole) in the tem- 
perature range of interest. Therefore, the heat of solution of 
NaCN in Na20-SiO2-NaCN slags at XN,20 = 0.5 is esti- 
mated to be - 4 6  kcal/mole ( -192 kJ/mole). 

G. Predicted Nitrogen Removal in Practice 

Based on the thermodynamics developed in the present 
study, it is possible to calculate the possible nitrogen 
removal by a Na2CO3 treatment. When Na2CO3 is added to 
hot metal it reacts with the silicon in the metal to form a 
NazO-SiO2 slag. The composition of the slag depends on 
the amount of Na2CO3 added, the silicon in the hot metal, 
and the amount of Na20 reacting with carbon and vapor- 
izing. For the present example let us assume 12 kg of 
Na2CO3 is added to hot metal containing 0.3 pct Si which 
will be lowered to 0.1 pct by the reaction with the Na2CO3. 
Furthermore, when Na2CO3 is added it dissociates by 
the reaction 

Na2CO3 = Na20 + CO2 [23] 

It is assumed that Na20 loss by reaction [1] is negligible. 
The Si is removed from the hot metal by oxidation by CO2 
and Na20: 
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Si + 2CO2 = (SiO2) + 2CO [24] 

2Na20 + Si = 4Na(v) + (SIO2) [25] 

Reasonable assumptions indicate that the final slag will be 
10 kg per 1000 kg of metal of a Na20-SiO2 slag with a 
basicity of 1.3 to 1.4. 

The work of Koros et al. ~5 and Kaell and Mayer 3 indicate 
that there is typically 50 to 65 ppm nitrogen in blast furnace 
hot metal, with 58 ppm being a reasonable average. The 
value of the nitrogen partition ratio at 1350 ~ for a basicity 
of 1.3 to 1.4 extrapolated from the present work is about 50. 
Using a simple mass balance, the calculated final nitrogen 
content of the metal for the above conditions would be about 
30 ppm or about half of the nitrogen removed. In the pilot 
plant work by Kaell and Mayer, they decreased the nitrogen 
content of the hot metal from 65 ppm to 25 ppm using 
12 k g / t  of Na2CO3, which is in reasonable agreement with 
our prediction. 

It should be emphasized that the above calculation is only 
a rough estimation because it is difficult to predict the final 
slag composition and amount. Furthermore, it was assumed 
that the kinetics are fast and equilibrium is achieved. How- 
ever, the results do indicate a considerable amount of the 
nitrogen may be removed by Na2CO3 treatment. 

IV. SUMMARY AND CONCLUSIONS 

Na20-SiO2 slags can absorb significant quantities of ni- 
trogen from carbon saturated iron. The nitrogen in the slag 
is primarily present as the cyanide ion CN-. The nitrogen 
partition ratio increases with Na20 concentration and tem- 
perature. The value of the partition ratio is proportional to 
the oxygen pressure to the -V4 power which confirms that 
the nitrogen is present as CN- in the slag. For carbon satu- 
rated iron-silicon alloys the oxygen pressure governing the 
cyanide concentration of the slag is determined by the Si 
(metal)-SiOz(slag) equilibrium. The partition ratio increases 
with Na20 content in the slag. The cyanide capacity was 
calculated from the results and increases with basicity and 
temperature. The cyanide capacity of Na20-SiO2 slags is 
estimated to be about three times higher than for CaO-A1203 
slags of the same basicity. The present results are in agree- 
ment with previous work on the solubility of nitrogen in 

Na20-SiO2 slags. Based on the thermodynamics developed 
in the present study, it is predicted that Na2CO3 will remove 
nitrogen from hot metal. For example, it is predicted for a 
typical hot metal that 12 kg of Na2CO3 will remove about 
half of the nitrogen in the metal. 
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