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Scales· of Acidity and Basicity of Slag Constituents 

in Steelmaking 
( Received Octo her 15, 1949. ) 

Abstract 

Saburo Y ~nagisa wa * 
Y oshiro Watanabe ** 
Michiharu Seki *** 

I 

Acidity is defmed as the tendency to accept an electron-pair from a base. Basicity 

is defined ~s ·the tendency to donate an electron-pair to an acid. The authors took 
o= in place of e:ectron-·pair and made two scales of acidity and basicity of the constituent 

·oxides af slag by using thermodynamic cycle3 discussing the validity of those scales. 
The basicity scale was not sufficiently explicit in case of comparing each gr:oup of . 

different valence types, aJ?.d the result obtained by our acidity scale was nat so sufficient 
because of the difficulties in determining the radii of negative polyatomic ions .. 

I Introduction 

Althongh basicity or acidity of molten salts has an important me:tning at the high 

temperature re:tction both in ceramic industry and in· steelmaking processes, the 

relative strength of acidity or basicity of oxide has not been determined except 

empirical one, i. e. CaO = 1, Si02 = 1. 

As the definition of acid and base, the HI·- OH- theory of Arrhenius!), the H+ 
theory of Bronsted2~ and the theory of vVickert 3

:· have been adopted. 

Recently H. Luder5 enlarged the electron-pair theory of Lewis1 and showed its 

exceJlent validity in explaining the acid-base reactions. According to hi:s theory, base 
is a donor of electron-pair and acid is its acceptor, therefore. the tendency to 

accept an electron-pair from base meanJ basicity and donate it to acid becomes 

acidity. Lux6) defined base and acid of molten salts as follows: 
Base= Acid+ 0 =. 

He also discussed ths concentration of Q= represented by Po corresponding to 

PH in aqueous solution. 

* Ass"stant Professor of Keio Univ. 

** Lecturer of Faculty of Eng., Keio Univ. 

·X·*<+ Assistant .of Faculty of Eng., Keio Univ. 

1) S. Arrhenius, Z. physik. Chem., 1(1887),631. 

2) J. N. Bronsted, Rec. t:rav. chim., 42(19.23),718. 

3) K. Wickert, Z. physik, Chern., Al78(l937),:36l. 

4) G. N. Lewis, Valence and the Structure of Atoms anrl Molecules (1923). J. Am. Chern. 

Soc., 38(1916), 762. 

5) H. Lnder, Chern. Rev., 27(1940),547. 

6) H. Lux, Z. Elektroc>hem., 45(1939),303. 

( 1 ) 



2 ~aburo .YANAGISAWA. Yoshiro WATANABE and Michiharu SEKI · 

It is easy to understand that the above-mentioned o= is the carrier of electron-pair 
and that the Lux's theory is the same as the Ludel''s in its essence. The concentra­

tion of o= in molten borates was also studied by pietzeF) by measuring E.M.F. 

However, in these experiments they measured only the concentration of o= and 
did not present any scale of basicity which we can use in comparing each substance 
quantitatively. B) We are· measuring such a scale of oxides in our experiments but 
here we will show the possibility and the results of our calculation of the scales of 
basicity and acidity of the slag constituent oxides by the ·theoretical methods. 

II Theories of Basicity and Acidity 

According to Luder's theory, the tendency of donating an electron-pair to acid 
can be used as a scale of basicity and the tendency of accepting an electron-pair 
from a base as a scale of acidity, if we shall be able to express these tendedcies 
quantitatively. As to oxides, however, it is sufficient to know the tendencies of o= 
in place of electron-pair. The authors here decide that the· basicity and the acidity 
of oxides correspond to the energy changes when the substances donate and accept 
O· respectively .. Therefore, the value of basicity is determined by dissociation 
energy U in the formula 

MO=M +++0=+ U kcal, ( 1) 

and the value of acidity is determined by the reaction energy E in the formula 
MO+O==MO=+E kcal. ( 2) 

The smaller the energy U is- the easier the dissociation of MO into M++ and o= 
is.- the stronger is its basicity. Simflarly, in equation ( 2 ), the greater the energy E 
is the stronger is its acidity. The methods and the re;;ults of calculation of these 
energies U and E will be shown in the following sections. 

III Calculation of Badcity 

Cons:dering ·a cycle 

U' . 2n 
[ MmOn ] - - -- ~ m ( M m + ) · + n ( o= ) 

tQ .J, -l+E 
m [ M] + N- ( 02 )~--=---~~ D m ( M ) + n ( 0 ) 

the energy U' is to be calculated by the rela~ion 

U'=Q+S+I+D-E, 

( 3) 

( 4) 

where the oxide is represented .by M.mOn , parentheses and square bracket-:; show the 
gaseo~ and solid states respectively. U' denotes the energy which distociates [ M,,.On ] intc 

7) A. Dietzel, W. Stegmaier, Glastechn. Ber., 18(1940).353. 

8) Kuan- Han- Sun reported about the semi-quantitative scale of basicity but the 

authors have not got his paper yet. c.f. Chern; Abst. 42. 

( 2 ) 
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gaseous ions at 298°K; Q, the heat of formation of[ M,"On ] ; S, the heat of sublimation 
of metal; D, the dissociatio)l energy of oxygen molecule to atoms; I, the ionization 
potential of ( M); and E, the electron affinity of oxygen. Now, assuming that specific 

h . 

heat of ( M ,;, +) equals to that of ( M ), the change of I by temperature is only due 

to the change of specific heat of· electron gas. Similarly, assuming that the specific 
heat of ( 0 = ) is equal to that of· ( 0 ), the change of ;E by temperature is only due to 
the change of specific heat of electron gas. As I and E enter in the relation ( 4 ), 

the changes of E and I by the specific heat of electron gas· cancel out each other. 

Therefore, the data of I and E at · 0" K are also valid in the formula ( 4 ) even at 

298o K11 >. U in the formula ( 1) and U' have the relation 

U=U'·-( m+n )RT. 
Here ( m + n )RT is the energy of work corresponding to the volurr.e change of 

( m + n ) moles. Data in calculating U are shown on Table 1. The value of U does not 
change so nJUch if the temperature becomes high and MmOn changes into the molten state. 

Table 1. Thermal Data of Constituents ( k cal /mol ) at 25°C 

QlO) SIO) po: ( ooK) DlO) -E (0°K) U' u 

K!IO 86.8 21.5 X 2 199.2 58.6. 168 556 554 

Na!IO 100.7 26.0x2 235.6 II II 615 613 

CaO 152.1 42.5 412.9 II II 834 833 

MnO 96.7" 69.7 532.3 II II 925 924 
MgO 145.8 35.9 520.3 II II 929 928 

FeO 64.5 96.7 553 .. 1 II II 941 940 

H20 68.3 103.6 623.8 II II 1022 1021 

Fe!IOs 195.2 96.7x2 2582 58.6x3 1flSx3 3650 3647 

AI !lOs 393.3 67.5x2 2441 II II 3650 3647 

Cr20s 288.9 . 89.4 X 2 2506 II II 3653 3650 

Si02 200.5 85.0 2365 58.6 X 2 168 X 2. 3109 3107 

B!IOs 340.6 115 X 211) 3273 58.6x3 168x3 4524 4521 

P205 369.4 31.6 X 2 3149 58.6x5 I68x5 9714 9710 

To obtain the general scale independ_ent of the valence types, i. e. M20, MO, M:~03, 
etc., the following consideration· is necegsary. The tendency of donating O- depends 
on the strength of a bond when we cmsider that positive and eegative ions are 
mutually surrounded in accordance with their coordination numbers. Tne larger the 
coordinaticn number pn) in Table 2 is, the more bonds exist. 

9) ]. She£·mann, Chern. Rev., II ( 1932 ), 93. 

10 ) Land~t, BOrnstein, Phys. chem. Tabellen 

11 ) Harashima, Kotaino-Gyoshu-Kiko ( Mechanisms of Binding of Solid), published in 

Japan, by Asakura puh. Co. ( 1948) P.3 

12 ) Shibata, Muki-Kagaku-Genron ( Fundametals of Inorg. Chern.), published in: Japan 

by Yoken-do pub. Co. ( 1914) PP. 97, 396, 398 
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To calculate the strength of a bond, U is divided by m ~nd the coordination number 

P · Which is the number of oxygen a~oms surrounding one positive atom. If we 
consider more· precitely, P must take a certain value in molten state but it is almost 
unknown to us. So we took the ·value in crystal state. 

Table 2. Basicities of Oxides ( U /Pm ) 
u u 

u m p Pm 

K20 554 227 9 31 

Na20 613 307 6 51 

CaO 833 833 6 139 

MnO 924 924 6 154 
MgO 928 928 6 155 
FeO 940 940 6 157 

H20 1021 511 2 256 

Fe20B 3647 1824 4 456 

AL.i:>B 3647 1824 4 456 

Cr20B 3650 1825 4 456 

B20B 4521 2261 3 754 

Si02 3107 3107 4 777. 
P20n 9710 4855 4 1214 

This value :iVm: is to· be. used as a scale of bas:city. However, for the so-called acidic 

oxides which tend to take O= into themselves, i. e. B20 3, Si02 or P20 5, this value 

indicates the weakness of basicity when they behave as base. Therefore, in the 
treatment of these oxides, it seems more natural to measure their tendencies of 
accepting O= from the base. The following F:ection sb.ows this method of calculation. 

IV Calculation of Acidity 

The energy E in formula ( 2 ) corresponds to the acidity of MO. To evaluate· E the 
following cycle was cons:dered for the double salt XM02 was adopted. 

[ XM02 ] _______ Q __ --~ x++ -+- M02= 
tQ ~~ (5) 

[ XO] + [ MO] ~ · Uxo X+++ [ l!QJ_±_Q_~ 

Q : the reaction energy for [ MO] + [ XO ] ~ [ XM02] 

U: the dizzociation energy for [ XM02] ~ X++ + M02= 

Uxo: the dissociation energy for [ XO] ~ X++ + o= 
E: the energy for [ MO] + o= -"-+ M02= 

From the cycle ( 5 ), we have the relation 
E=Q+Uxo- U. 

To obtain the energy E, we must know the values of Q, Uxo, and U, but U is 
difficult to be determined directly. 

( 4) 
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In calculating the value of U indirectly, there are two methods, ( A ) and''( ·B ). 
( A ) One is the method of calculating U as lattice energy of [ XM02 ]. Assuming 
that . crystal [ XM02] consisted of two kinds of ions, x++ and sphericrl ·Mo2=~the 
following relation exists. 

M; the Madelung constant 
n ; the repulsion exponent · 
z ; the number of electron charge of 1on 
e ; the charge of an electron 
r ; the lattice constant 

(6)' 

( B ) The other is the method of calculating from the data of the heat of solution. 
. . ! 

The energy U and the heat of solution have the relation, 
U = Hx++ + HMo2"'- H21:M02 C 7) 

Here Hx+ +, HMo2= and HxMo2 respectively denote. the heat of solution of gaseou~ 
X++, of gaseous MO; and of crystaline XM02, Among the above three .heats of 

. solution only the value of HMo2= has not yet been reported. For the heat of solution 
of monatomic ion, .however, Bernal and Fowler13

) presented the formula~ (8) ~nd 
( 9 ), whose results are almost coincide with the observed values. The h~at of 
solution of monatomic gase~ms ion. H, is given by 

H = 17 =! zR~2 + nP( z ) P( t ) - U w 
217 z 

(8) 

17: the dielectric constant of H20 
z: the number of ionic charge 
e: the charge of an electron 
Rz: the critical radius of ion 
n: the coordination number of ion 
P( r ): the potential energy between an ion and a water' 

molecule 
P( z ): the correction term for P( r) 

Uw: the corelation energy between water molecule8: 

The formula ( 8 ) is reduced to 

163 z2 • 
H = Rz -t- nP( z) P( r) - 31_kcal. (9) 

There is a possibility to calculate the heat of solution even for complex ion by 
the above formula. The authors tried to examine the validity of t~e formula ( 9 ) 

'for th~ complex ion co3= in calcite 'by comparing the value u obtained by the 
method (B) wli:h the value obtained -by the method (A). 

13) ]. D. Bernal, _.R. H .. Fowler, ]. Chern. Phys., 1 ( 1933 ), 515 

( 5 ) 
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a ) U for CaCOa obtained by the method ( A ) 
Madelung constant of calcite was calculated by Evjen's method14

) and was deter­
mined as 1.77. Suppose n is 9,15 ) U becomes by the formula ( 6) 646 kcal. 

b ) U for CaCOs obtained by the method ( B ) 

When the constants and the heats of solution in formula ( 9 ) take the values on 

Table 3. U becomes 609 kcal. 

Table 3. Calculation of Ucdcoa 

( 1 ) Values of constants .in formula (.A ) for CO; 

r( A) 
2.00 

z 
2 

n 
6 

P(z) 
0.92 

Rz( A) 
6.6 

( 2) Heats of solution for Ucaco3 kcal /mole 

Hca+ .. 

410 
Hco:i 
247 

HcaCOs 
47.8 

· P(r) ( kcal ) 
18.0 

Ucacos 
609 

Hcoa = ( kcal ) 
247 

Since these two values of U almost coincide, the formula ( 9) can be regarded 
.·applicable to polyatomic ions. This formula will be used in the following calculation 

f6r acidity. The radius of C03= on Table 3 is adopted by the following reason. 
The radius 'of COa= is determined as the value substructed the radius of cation 
from the carbon-metal distance. Table 4 shows the values for three carbonates. 

Table 4. Radius of co; in A 
Carbonates of C-Metal16 ) Radius of 
calcite type distance cationm COa-

·····-··-············ .. ···············-··-

CaCOs 3.21 1.06 2.15 
ZnC03 2.93 0.83 2.'10 
MnC03 3.00 0.91 2.09 

The result of Table 4 indicate'3 that the radi~s of C03 be~omes larger by the 
strong contra-polarisation caused by cation. The true, not contra-polarized, radius 
of COa= will be smaller than the radii listed on Table 3, at least smaller than 2.09 
obtajned from MnCOs. We obtained the U as 609 kcal by taking r=2.09A, but if . . 

we take· the smaller value than 2.09A, U becomes larger and approacheG 646 kcal 
which has been calculated by the method ( A ). 

14) H. M. Evjen, Phys. Rev., 39 (1932 ), 675 .. 

15) Shermann, op. cit. A change of n by ur.ity affects E by only 1 or 2 per cent from 
the equation ( 6 ). 

16) L. W. L. Bragg, Atomic Structure of Minerals (Cornell Univ. ·Press 1937) P.l16 
17 ) Goldschmidt's value 

( 6 ) 
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Acidities of B20a and P2 Or; cannot be obtained by the application of the formula 
6) to the double salts, e.g. Na6"f20s. Oa:~P20s, Na6B206 and Ca3B206~ because the 
iadelung constants of these double salts have not been determined. But those acid­
ies can be calculated from the formula ( 8) or ( 9 ). Radii of BO~- and PO~- were 
;ted on Table 5 calculated by the same method as Table 4. 

Table 5. Radii of PO!- and BO~- in A 
Substance l Structure typem / P or B -Metal ! ____ · _ -~dius_~o~f=-=--=-=-=----; 

distance I cation20 > I P03- B<Y.- ] 
~y.ro,~~--,~~~~~~1 · ~~~··~··~··o-:g5·~········~tor~~·l 

AgaP04 cubic 3.35 !.26 2.09 
InB03 rhombohedral 3.0?19

) i 0.92 2.11 
YB03 '' 3.2519

) i 1.06 2.19 
ScBOa · " 3.0219

) r 0.83 2.19 

Table 6 shows the E values of the ab:we-mentioned double salts. Here, ·the radii 
: anion involved in double salts were calculated from the yttrium compounds. 

rom the results of Table 6 

P205 + 30= = 2PO~- + 370 kcal 
~Oa + 30= = 2BO~- + 406 kcal. 

hen it is clear that the acidity of B20a is stronger than that of P205. 
Further research in calculating each value of E by the use of ionic radii in 

)mpounds which have the same crystal type and the sap1e positive element was 
na~le for us except the results of Table 6 because of the lack of data concerning 
, those compounds. 

V Discuss~on 

In defining the scale of basicity as U (Pm there still remain uncertainities. How­
v-er,· the results in Table 2 will be summerized as follows~-

r) K20 and Na20 are the strongest bases and K20 is stroger than Na:aO. 
2 ) CaO is the next strong base and considerably stronger than MnO, MgO 

and FeO. 
3 ) MnO and MgO are almost the same degree anq may be stronger than FeO. 
4) H20 is stronger acids than the above compounds. 
5) Ah03 , Fe20 3 and Cr20a are almost the same. 
6) Si02, B20s, P205 are considerably stronger acid than the above oxides. 

18) R. W. G. Wyckoff, The _Structure of Crystals I, II (New York, 193i, 1935) 

19) This value, the nearest distance for rhombohedral, can be converted from the 

distance Cl 0 and the angle a of the rhombohedral unit cell by 

vrr=ToCOs«a 
4 o• 

20 ) Goldschmidt 1 s value 

(7) 
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n it is said that when two oxides react, neutralization occurs: the above oxide 
:he Taple 2 ·behaves as base and the below behaves as acid. 
rhere~m;e, two oxides indicated further apart in the table the easier cause a neu­
ization reaction. For example, Si02, B203 or P205 neutralizes Na20, K20 or CaO 
~a~es stable salt. H20 wiii react as base for the acids shown below in · the 

e ·~nd combine with the upper bases as acid. The same will be said about the 
jty of H20. to CaQ in molten slag. This scale may be considered to show a more 
9Mbl~ .pleasure for basic oxides than for acidic oxides. 
'o c.qmpare eaqh, acidity ·of acidic oxide, i.e. Si02, B20a or P205, ·the second 
e defined as the tendency of accepting o= will be more desirable. The second 
hod is more accurate because there is no error of dividing U by P m, but the 
hod is difficult in determining the radii of negative polyatomic ions. . . ' 

VI Conclusions 

rhese s.cales were calculated . to set up the semi .,quantitative standard of basicity 
~e b~nif~t of slag control in steelmaking processes. However, these scales are 
prec~ise in the actual processes, .i. e. the molten state and the coexistence of 

~~ oxides; .but the, order of this scales is in accordance with the tendency obtained 
:he, ,experjences. 
r~~ ·auth~rs. are studying .another scale to be applicable to all oxides by the; 
1:;tl, m~asureme11:~s at high temperature. The results will .be reported later . 

. ,i' 

( 9)' ' 


