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V4+ in quenched calcium silicates: An electron

spin resonance spectroscopic investigation
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Electron spin resonance (ESR) studies of vanadium(IV) have been carried out on CaO-SiO2,
CaO-MgO-SiO2 and CaO-Al2O3-SiO2 slags equilibrated with oxygen partial pressures over
the range 10−9–10−2 atm and also CaO-SiO2-V2O5-Fe2O3 slag melted in air. The slags were
melted at 1873 K and their V2O5 level was varied between 1 and 10 mol%. Three different
melt basicities and alumina contents were investigated. Magnesia content was varied
between 3.5 and 4.9 wt%. An industrial slag sample was also examined. The spin
Hamiltonian parameters were determined and it was concluded that the paramagnetic
vanadium was in the form of a distorted octahedral vanadyl complex (VO2+). An
overlapping signal from a yet unknown paramagnetic vanadium species was present in all
slags. In general this signal diminished with reduction in the oxygen pressures below
10−6 atm and V2O5 content. It also decreased with increase in basicity and magnesia
content. The critical fraction of paramagnetic vanadium for induction of the second species
was dependent on melt composition. C© 2003 Kluwer Academic Publishers

1. Introduction
The V4+ ion, being paramagnetic in nature, produces a
characteristic eight line ESR spectrum. In the various
germinate, phosphate, borate [1], sodium [2, 3] and alu-
mina [4] silicate and tellurite [5, 6] glasses studied, V4+
has been found as a tetragonally distorted octahedral
(VO)2+ complex which tends to become less distorted
from octahedral symmetry with an increase in the ba-
sicity of the medium. There are a few cases [3, 4, 7]
in which V4+ was fund to be coordinated at tetrahedral
sites. Generally it is difficult to resolve the V4+ spec-
trum as its concentration, or the total vanadium content
increased [6, 8] and when this happens it is difficult to
calculate the g-values. The existence of VO2+ ion has
also been confirmed in phosphate glasses using chro-
matographic analysis [9].

Another ESR study made by Farah et al. [8] has re-
vealed V4+ coordination in quenched sodium silicate
melts in detail. The present work is the continuation
of the same project and it aims to examine the V4+ in
calcium silicate and complex metallurgical slags, since
there has been no indication of such work in literature
and it is important to understand the coordination of
vanadium in these slags.

2. Experimental procedure
50 g of master melts were prepared from analytical
grade CaO, MgO, Al2O3, SiO2 and V2O5. All reagents
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were dried at 393 K for 24 hours, then carefully weighed
and mixed. These were melted in a platinum crucible
at 1873 K, crushed in a tungsten mill and analysed by
XRF. Compositions and identifications of the slags are
given in Table I. Equilibration time was determined in
a separate kinetic study.

A molybdenum wound electric resistance tube fur-
nace was used for the equilibrium experiments. The
temperature of the furnace was controlled by a Eu-
rotherm temperature controller (±5 K). 1–2 g of sam-
ples were placed in platinum crucible and equilibrated
at 1873 K in air and over a range of oxygen partial
pressures (10−2–10−9 atm). The samples were then
quenched in the bottom water-cooled quenching cham-
ber in the same gaseous atmosphere. Ar, CO, CO2 and
Ar-O2 gas mixtures were used for the preparation of
various compositions using a precalibrated mass flow
controller.

A Varian E-line spectrometer operating in X band at
9.48 GHz was used for the analysis of vanadium(IV).
All spectra were recorded over 2000G at room tempera-
ture on quenched slags. Details of the ESR analysis are
given elsewhere [8]. The ESR spectrum was recorded
for the industrial slag sample from New Zealand Steel.
Its composition is given with Table I.

XPS spectra were measured on a KRATOS (XSAM
800 pci) spectometer using Mg Kα X-rays on thin films
of samples (≤1 mm) of slag C. Argon ion etching was
used to obtain information on composition of the slag.
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T ABL E I Details of composition of slag samples

CaO/SiO2 V2O5 MgO Al2O3 Fe2O3

S. no. (molar ratio) (mol%) (wt%) (wt%) (mol%)

A 0.7 5 – – –
B 0.9 5 – – –
C 1.23 5 – – –
D 0.7 1 – – –
E 0.9 1 – – –
F 1.21 3 – – –
G 1.57 5 3.50 – –
H 1.51 5 4.87 – –
I 1.23 5 – 3.22 –
J 1.22 5 – 5.44 –
K 1.22 5 – 7.87 –
L 1.25 10 – – 10
M 1.56 10 – – 10

The composition (wt%) of slag sample from New Zealand
Steel: Fe(tot) = 12.72, CaO = 51.41, SiO2 = 9.85, Al2O3 = 2.35,
MgO = 8.77, V2O3 = 4.11, TiO2 = 3.72, Cr2O3 = 0.324, MnO = 2.16,
P2O5 = 1.365 and S = 0.185.

3. Results
V4+ in the form of tetragonally distorted octahedral
VO2+ ion exhibited a characteristic spectrum at room
temperature, featuring a spin Hamiltonian function
as [10]:

H = gIIβSz Hz + g⊥β(Sx Hx + Sy Hy) + AIISz Iz

+ A⊥(Sx Ix + Sy Iy) (1)

where β is the Bohr magneton, gII and g⊥, the parallel
and perpendicular components of the g-tensor and AII,
and A⊥ are the parallel and perpendicular components
of hyperfine tensor; Hx , Hy and Hz are the components
of the magnetic field; Ix , Iy and Iz and Sx , Sy and Sz

are the components of the nuclear and electron spin
operators respectively.

The absorption signal can be described as a set of
envelopes [1], one for each of the 2I + 1 values of
m. For each of the envelopes, the resonant magnetic
field strengths for spins parallel and perpendicular to
the axial direction are given respectively by:

HII = 2Ho/gII − (AII/gIIβ)m for θ = 0 (2)

and

H⊥ = 2Ho/g⊥ − (A⊥/g⊥β)m for θ = π/2 (3)

where Ho is the center field and m, the nuclear magnetic
quantum number. As mentioned previously [8], the fol-
lowing equations were used in order to determine the
degree of covalent bonding:

AII = −P[β2(4/7 + K ) + �gII + 3/7�g⊥] (4)

and

A⊥ = P[β2(2/7 − K ) − 11/14�g⊥] (5)

where β2 is the measure of the degree of π bonding and
is unity for a purely ionic bond. �gII = 2.0023 − gII
and �g⊥ = 2.0023 − g⊥ · �gII/�g⊥ could be used to

TABLE I I g’s and A’s for various quenched vanadium silicates

AII × A⊥ ×
Sample gII g⊥ (10−4/cm,a (10−4/cm,a

no. VPAR (±0.001) (±0.001) ±0.5) ±0.5)

A 1 – 1.932 1.980 163.6 64.7
2 – 1.933 – 164.3 –
3 – 1.936 – 162.5 –
4 – 1.935 1.980 164.2 64.6
5 – 1.922 1.965 162.8 62.2

B 1 0.433 1.923 1.969 162.1 64.6
2 0.691 1.923 1.965 161.8 62.2
3 0.653 1.923 1.965 160.9 62.2
4 0.264 1.924 1.965 162.0 62.2
5 0.151 1.922 1.965 162.8 62.2

C 1 0.364 1.922 1.969 162.7 64.7
2 0.628 1.924 1.965 160.2 61.7
3 0.591 1.927 1.963 160.0 62.2
4 0.377 1.923 1.965 161.6 60.6
5 0.251 1.923 1.964 161.8 60.6

C a 0.369 1.929 1.973 162.8 63.0
b 0.282 1.928 1.978 164.3 64.7
c 0.266 1.928 1.975 162.7 63.0
d 0.273 1.929 1.975 163.3 62.0
e 0.254 1.929 1.975 163.0 63.6
f 0.268 1.929 1.974 162.0 62.2

D 1 – 1.928 1.976 165.1 62.5
2 – 1.929 1.979 164.5 64.4
3 – 1.930 1.978 163.5 64.6
4 – 1.930 1.977 165.3 64.6
5 – 1.929 1.974 164.5 60.6

E 1 – 1.929 1.976 164.2 62.2
2 – 1.929 1.978 163.1 64.6
3 – 1.929 1.978 163.1 64.7
4 – 1.929 1.978 163.1 64.7
5 – 1.929 1.974 164.5 60.6

F 1 0.501 1.933 1.979 163.8 62.2
2 0.602 1.934 1.978 163.2 63.0
3 0.662 1.935 1.980 161.8 61.4
4 0.582 1.936 1.979 161.3 62.2
5 0.401 1.934 1.976 162.4 59.8

G 1 0.123 1.932 1.976 161.5 60.4
2 0.308 1.933 1.977 161.5 60.6
3 0.441 1.934 1.978 161.0 63.0

H 1 0.097 1.933 1.977 161.5 59.8
2 0.257 1.934 1.979 161.5 62.2
3 0.394 1.936 1.980 160.5 64.0

H a 0.098 1.929 1.974 160.0 62.2
b 0.091 1.930 1.972 161.9 60.6
c 0.090 1.926 1.974 161.1 60.2
d 0.085 1.930 1.974 159.5 61.4
e 0.090 1.927 1.972 161.9 59.8

I 1 0.287 1.922 1.969 162.7 64.7
2 0.615 1.936 1.979 162.1 60.6
3 0.574 1.941 1.979 159.3 60.6
4 0.400 1.941 1.978 160.3 59.8
5 0.328 1.940 1.981 160.5 60.3

J 1 0.308 1.936 1.980 163.1 62.2
2 0.627 1.938 1.980 161.7 61.4
3 0.590 1.942 1.980 159.9 60.3
4 0.357 1.940 1.979 159.8 60.6
5 0.234 1.939 1.979 160.0 59.3

K 1 0.365 1.934 1.979 161.9 61.4
2 0.559 1.939 1.979 159.4 62.2
3 0.491 1.937 1.978 159.5 63.0
4 0.326 1.931 1.981 161.3 62.2
5 0.195 1.936 1.978 161.5 61.2

aNegative.
Upper case alphabets A–K represent slag names (from Table I), 1–5
represent oxygen partial pressures (pO2) 10−2, 10−4, 10−6, 10−8 and
10−9 atm and a–f represent 1–6 hours of equilibration at the given oxygen
potential.
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T ABL E I I I �gII/�g⊥ for different slag samples

Sample no. �gII/�g⊥ (±0.002) Sample colour Sample no. �gII/�g⊥ (±0.002) Sample colour

A 1 3.203 Light brown F 2 2.777 Light brown
4 3.049 Dark brown 3 2.974 Dark brown
5 2.128 Dark brown 4 2.815 Brown

B 1 2.365 Light brown 5 2.598 Brown
2 2.148 Dark brown G 1 2.661 Beige
3 2.036 Dark brown 2 2.689 Light brown
4 2.076 Dark brown 3 2.828 Brown
5 2.128 Dark brown H 1 2.733 Beige

C 1 2.397 Light brown 2 2.895 Brown
2 2.085 Brown 3 2.912 Dark brown
3 2.024 Brown H a 2.574 –
4 2.001 Brown b 2.373 –
5 2.097 Light brown c 2.661 –

C a 2.499 – d 2.586 –
b 3.046 – e 2.530 –
c 2.743 – I 1 2.397 Light brown
d 2.661 – 2 2.829 Brown
e 2.707 – 3 2.829 Brown
f 2.569 – 4 2.539 Brown

D 1 2.828 White 5 2.871 Brown
2 3.126 Beige J 1 2.942 Light brown
3 2.985 Beige 2 2.901 Brown
4 2.898 Beige 3 2.768 Dark brown
5 2.545 White 4 2.686 Dark brown

E 1 2.820 White 5 2.726 Dark brown
2 3.015 Light brown K 1 2.945 Light brown
3 3.015 Light brown 2 2.667 Brown
4 2.968 Light brown 3 2.651 Dark brown
5 2.545 White 4 3.364 Dark brown

F 1 2.943 Beige 5 2.779 Dark brown

determine the degree of tetragonal distortion of the
vanadyl complex. Pβ2 K is a measure of s character
of the spin of the vanadium and also the tetragonal dis-
tortion, where K is the Fermi contact interaction term
and P is the dipolar hyperfine coupling parameter. The
values of gII, g⊥, AII, A⊥, P , Pβ2 K and �gII/�g⊥
obtained using Equations 1–5 according to the method
described earlier [8]. gII, g⊥, AII, A⊥ and �gII/�g⊥ are
given in Tables II and III for different samples. These
results are consistent with the previous studies in re-
lated quenched melts [1, 2]. It was difficult to determine
the perpendicular components in the spectra due to the
overlapping signals from the second form of V4+ and
poor resolution due to larger line widths. The trends in
the degree of distortion of the octahedral symmetry de-
termined from the bonding parameters may be affected
by vanadium volatilization under reduced oxygen
pressures.

3.1. CaO-SiO2-V2O5 melt
This system was studied to find the ESR patterns of
V4+ in slags with different basicity ratios and V2O5
content over the range of oxygen partial pressures
10−2–10−9 atm. The effect of variation in melting time
was also studied.

Fig. 1 presents the V4+ spectra measured at room
temperature for CaO-SiO2-V2O5 prepared with 5 mol%
V2O5 at three different basicity ratios (CaO/SiO2 = 0.7,
0.9, 1.23) over the given pO2 range (from a to e). It is
obvious from the sequences 1, 2, 3 in Fig. 1 that the

spectra are same as found earlier [8] and V4+ is present
as a distorted octahedral VO2+ ion. the VO2+ spec-
trum is dominant at pO2 = 10−2 and 10−9 atm for each
basicity ratio but at oxygen partial pressure between
10−4–10−8 atm the additional broad signal coming

Figure 1 V4+ ESR spectra for quenched samples (CaO-SiO2-V2O5 sys-
tem) (1) A1–A5 CaO/SiO2 = 0.7; (2) B1–B5 CaO/SiO2 = 0.9; (3) C1–
C5 CaO/SiO2 = 1.23 (1600◦C); (1–5 in Table II is labelled a–e here).
See Tables I and II for details.
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from the second form of V4+ is present. Increasing ba-
sicity from 0.7 to 1.23 apparently diminishes this broad
signal within this range of oxygen pressures although
its effect is not pronounced as some overlap still re-
mained. These spectra also present poor resolution in
addition to the overlap of the two signals.

It should be noted here that slag A, highly acidic
in nature, had the same equilibration time as the other
slags. Because of its acidic nature it may require longer
equilibration time than other slags (C, F etc.) [8]. There-
fore the fraction of paramagnetic vanadium (VPAR) is
not given for slag A (basicity ratio = 0.7), as it may not
represent an equilibrium value. As the basicity ratio was
increased to 0.9 (slag B), the VPAR increased (Table II)
from 10−2 till 10−4 atm and then it started to decrease.
The fractions at 10−8 and 10−9 atm have been corrected
for vanadium loss at 1873 K. The apparent reduction
in the overlapping signal may be attributed to evapo-
ration of vanadium (e.g. Fig. 1 sequence 1). However,
it has been reported earlier [11] the reducing oxygen
atmospheres have decreased the V4+ concentration in
similiar melts. From the chemical analysis of the vana-
dium species [8] it was found that only V4+/V5+ ionic
pair was present at 10−2 atm while V3+/V4+ pair be-
tween 10−6–10−9 atm and two redox pairs coexisted at
10−4 atm.

With a further increase in basicity ratio to 1.23 for
slag C, again the VPAR increased from 10−2 till 10−4 atm
and then it started to decrease. VPAR remained lower
at this basicity (1.23) compared to those at 0.9 (slag
B) over the oxygen pressures range between 10−2–
10−6 atm. However no critical fraction for the induction
of the second form of paramagnetic vanadium can be
clearly defined since it varied with the melt compo-
sition. Relative to slag B, the oxygen partial pressure
region for the coexistence of the two redox pairs was
extended between 10−4 and 10−6 atm. Only V4+/V5+
ionic pair was present at 10−2 atm and only V3+/V4+
pair between 10−8–10−9 atm.

�gII/�g⊥ ratios are plotted as a function of oxygen
pressures in logarithmic scale at different basicity ra-
tios for slag A, B and C in Fig. 2a. It shows that these
ratios decrease with increase in basicity from 0.7 to 0.9
but are nearly same with a further increase to 1.23. Also
the �gII/�g⊥ ratios remained lower as oxygen pres-
sure was reduced. These results agree with our previous
observation [8] and those of other researchers [1, 2] that
octahedral symmetry is favoured with the increase in
basicity of the slag. P and Pβ2 K versus oxygen pres-
sures plots at different basicity ratios are presented in
Fig. 2b and c which indicate a decrease in P and Pβ2 K
values with increase in basicity from 0.7 (slag A) to 0.9
(slag B) and 1.23 (slag C) due to decrease in tetragonal
nature of vanadyl ion which is in accord with the work
on sodium silicates [8].

As indicated in sequences 1 and 2 in Fig. 3, V4+
exhibited well-resolved spectra with 1 mol% V2O5 at
a basicity of 0.7 (slag D) and 0.9 (slag E). The ad-
ditional broad signal from the second form of vana-
dium(IV) was present in the spectra of both slags. When
the V2O5 content (slag F) was increased to 3 mol%,
the overlapping signal was reduced, hyperfine splitting

was restored and a better resolution was also achieved
as is apparent in Fig. 3 sequence 3. But this may be at-
tributed to higher basicity of slag F (CaO/SiO2 = 1.21)
relative to slags D & E (CaO/SiO2 = 0.7 and 0.9 re-
spectively), hence supporting the previous observation
regarding the effect of basicity. However a compari-
son between slag C (V2O5 = 5 mol%, Fig. 1 sequence
3) and slag F (V2O5 = 3 mol%, Fig. 3 sequence 3),
at the similar basicity ∼1.2 indicates that the second
form of V4+ is more pronounced at the highest con-
tent of V2O5, namely 5 mol% which agrees with our
work on sodium silicates [8]. It was difficult to mea-
sure the g values for all these spectra, particularly the
perpendicular component due to the additional broad
signal.

It should be noted here as well that although slags D
and E have acidic composition, these were equilibrated
for the same time used for rest of the slags. Therefore
fraction of paramagnetic vanadium (VPAR) is not given
for slags D and E as mentioned earlier for slag A. For
slag F, only V4+/V5+ ion pair was found at oxygen
potential between 10−2–10−4 atm and only V3+/V4+
pair between 10−8–10−9 atm with an overlap of two
pairs at 10−6 atm [8].

�gII/�g⊥ ratios as a function of oxygen pressures in
logarithmic scale for slags D–F are compared with slags
A–C at similar basicity ratios at various V2O5 contents
in Fig. 4a. It indicates that these ratios are higher for
slag E (1 mol% V2O5) than slag B (5 mol% V2O5) and
for slag F (3 mol% V2O5) than slag C (5 mol% V2O5).
The decrease in �gII/�g⊥ ratios for V2O5 content be-
tween 1 to 5 mol% indicates that V2O5 content investi-
gated is low compared to that found from previous work
(i.e. in excess of 5 mol%) [5, 8], to reduce octahedral
symmetry of (VO)2+ complex. As discussed earlier,
these ratios decreased at reduced oxygen pressure. A
comparison of P and Pβ2 K versus oxygen pressures
plots at different V2O5 contents also show a decrease
in P and Pβ2 K values with increase in V2O5 from 1
to 5 mol% (Fig. 4b and c). This implies that the range
of V2O5 content investigated is quite low compared to
that found to be required (>5 mol%), from previous
work [5, 8], to increase the covalent character and/or
tetragonal distortion of the VO2+ complex. The trends
in �gII/�g⊥, P and Pβ2 K values are not clear from a
comparison of slags D and A.

The V4+ spectra for samples (slag C) equilibrated
with an Ar-O2(2%) gas mixture between 1–6 hours are
given in Fig. 5 sequence 1. It indicates that these are sim-
ilar to each other except the intensity, which is higher for
one and two hours. The slag generally needed greater
than four hours to achieve equilibrium. �gII/�g⊥, P
and Pβ2 K for slag C do not indicate clear trends as a
function of melting time (Table III).

3.2. CaO-MgO-SiO2-V2O5 melt
Two different magnesium oxide contents were added to
the base system at a basicity of about 1.5 and samples
were prepared over the same oxygen potential range as
mentioned earlier. As shown in Fig. 6 sequence 1, the
addition of 3.5 wt% magnesia in slag G has reduced
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the overlapping broad signal compared to MgO free
CaO-SiO2-V2O5 slag C (Fig. 1 sequence 3) at a similar
basicity ratio and V2O5 content. The resolution of spec-
tra was restored between pO2 = 10−2 to 10−4 atm. The
signal started to broaden from pO2 = 10−6 atm and in
addition there was the overlapping signal which made it
difficult to measure the g values for the reduced oxygen

(a)

(b)

Figure 2 Variation of (a) �gII/�g⊥, (b) P and (c) Pβ2 K with log pO2 at different basicity ratios. (Continued)

pressures. A further increase of magnesia to 4.87 wt%
(slag H) did not produce any obvious changes in the ap-
pearance of the spectra (Fig. 6 sequence 2) compared
to slag G (Fig. 6 sequence 1) but the fraction of param-
agnetic vanadium was reduced at this magnesia content
as indicated in Table II over the given range of oxygen
pressures. For slags G and H, the V4+/V5+ ion pair was
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(c)

Figure 2 (Continued ).

Figure 3 V4+ ESR spectra for quenched samples (CaO-SiO2-V2O5

system) (1) D1–D5 CaO/SiO2 = 0.7, V2O5 = 1 mol%; (2) E1–
E5 CaO/SiO2 = 0.9, V2O5 = 1 mol%; (3) F1–F5 CaO/SiO2 = 1.21,
V2O5 = 3 mol%; (1–5 in Table II is labelled a–e here). See Table I
and II for details.

found at oxygen potentials between 10−2–10−6 atm and
only V3+/V4+ pair between 10−8–10−9 atm [8].

�gII/�g⊥ did not reflect any change at two lev-
els of MgO with a variation in oxygen pressure from
10−2 to 10−6 atm (Fig. 7a). P remained constant and
Pβ2 K showed a slight increase from 10−2 to 10−6 atm
(Fig. 7b). However the trends in bonding parameters
over the whole range of oxygen pressures could not be
observed due to poor resolution of the spectra below
10−6 atm.

The V4+ spectra for samples (slag H) equilibrated
with an Ar-O2(2%) gas mixture between 1–5 hours

are given in Fig. 5, sequence 2. It indicates that
these are similar to each other except the intensity,
which is higher for one and two hours. The slag also
needed greater than four hours to achieve equilibrium.
�gII/�g⊥ did not reflect clear trends and P and Pβ2 K
remained same with respect to time (Table III).

3.3. CaO-Al2O3-SiO2-V2O5 melt
In these slags containing 5 mol% V2O5 at a basicity
ratio ∼1.22, V4+ spectra followed the same pattern
as for the base system (basicity = 1.23) discussed in
Section (3.1) despite three different alumina contents
(Table I) were used (slags I–K). The spectra for these
slags (Fig. 8 sequence 1, 2, 3) started to broaden at
oxygen potential 10−2 till 10−8 atm and well resolved
spectra were obtained at 10−9 atm only. The second
form of V4+ was dominant at oxygen pressures be-
tween 104–10−8 atm. The fraction of paramagnetic
vanadium remained similar despite the addition of dif-
ferent alumina content between 3–8 wt% (Table II)
over the given range of oxygen pressures. For slags
I–K, only V4+/V5+ ion pair was found at oxygen
potential = 10−2 atm and only V3+/V4+ pair between
10−8–10−9 atm with an overlap of two pairs between
10−4–10−6 atm [8].

�gII/�g⊥ did not indicate the clear trends within
the alumina content range studied (Fig. 9a). P and
Pβ2 K remained same at three levels of alumina (Fig. 9b
and c).

3.4. CaO-SiO2-V2O5-Fe2O3 melt
Slag L and M containing high levels of V2O5 (10 mol%)
and Fe2O3 (10 mol%) were melted in air. Only a broad
line was obtained at two different basicity ratios. This
may be attributed to the high iron content of these
slags as the Fe3+ obscures V4+ because of the partial
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overlapping of V4+ and Fe3+ signal which has been
reported in iron bearing melts [12]. The V4+ content
could not be measured due to the overlapping of ESR
signals from Fe3+.

Similarly the ESR spectrum of the industrial slag
sample (from New Zealand Steel) presented a broad

(a)

(b)

Figure 4 Variation of (a) �gII/�g⊥ (b) P and (c) Pβ2 K with log pO2 at different V2O5 contents. (Continued )

signal. The presence of other transition metals obscured
the vanadium(IV) spectrum and only Mn2+ signal could
be seen from the spectrum. As stated above, iron could
also overlap the vanadium spectra as one of iron(III)
absorption lines has the g value ∼2. Therefore no ESR
parameters could be determined.
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(c)

Figure 4 (Continued ).

Figure 5 V4+ ESR spectra as function of melting time for quenched
samples (1) C a–C f (CaO-SiO2-V2O5 system, CaO/SiO2 = 1.23) and
(2) Ha-He (CaO-SiO2-MgO-V2O5 system, CaO/SiO2 = 1.51). (a–f rep-
resent number of hours here). See Tables I and II for details.

Figure 6 V4+ ESR spectra for quenched samples for CaO-SiO2-MgO-
V2O5 system (1) G1–G5, MgO = 3.5 wt%, (2) H1–H5, MgO = 4.87
wt%, (1–5 in Table II is labelled a–e here). See Tables I and II for details.
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(a)

(b)

(c)

Figure 7 Variation of (a) �gII/�g⊥, (b) P and (c) Pβ2 K with log pO2

at different magnesia contents. Slag G, MgO = 3.5 wt% and Slag H,
MgO = 4.87 wt%.

3.5. Optical properties of melts
A variety of colours were obtained for different slags
although most of these were difficult to study by optical
transmission due to very strong absorption. The colours
of different slags are given in Table III. The important
observation was the change in colour with respect to
oxygen pressures. Colour changes are probably due to
differences in the amount of various vanadium ions at
various oxygen pressures, as well as the total vanadium
content in each of these slags.

XPS spectra of slag C were recorded. However vana-
dium signal suffered interference from an overlapping
oxygen signal (O1S) in these samples. The shift in bind-
ing energies of the V2P3/2 photoelectron peak with the
change in the content of basic oxide can provide evi-
dence of change in valence state of vanadium.

Figure 8 V4+ ESR spectra for quenched samples for CaO-SiO2-Al2O3-
V2O5 system (1) I1–I5 with 3.22 wt% Al2O3; (2) J1–J5 with 5.44 wt%
Al2O3; (3) K1–K5 with 7.87 wt% Al2O3; (1–5 in Table II is labelled a–e
here). See Tables I and II for details.

4. Discussion
It has been found that V4+ is present as VO2+ ion
in tetragonally distorted octahedral coordination in the
present slags, however a second form of vanadium(IV)
also appeared. This is similar to the results from the
sodium silicates [8]. Although tetrahedral V4+ alone
has been found in some glasses previously [3, 4, 7], the
second form is unidentified in that it has the same g
value and overlaps the VO2+ spectrum in all slags in-
vestigated. This second form dominated the ESR spec-
tra in all the present slags and over a broad range of
experimental parameters. It is surprising in that it was
present only under reduced oxygen pressures and high
V2O5 content in acidic sodium silicates. Most of the
current slags are highly basic in nature and prepared at
high temperature (1873 K) compared to the sodium sil-
icates, which were melted at ≤1598 K. The differences
in the proportion of the second form of paramagnetic
vanadium can be attributed to difference in composition
and melting temperature.

The signals of the two forms of the paramagnetic
vanadium could not be separated from the ESR mea-
surements carried out at room temperature. The effect
of the presence of the three vanadium species on the
second form is not evident since the additional signal
appears over nearly the whole range of oxygen pressure
investigated while the three vanadium ions coexisted
over a limited range of the experimental oxygen pres-
sures (10−4–10−6 atm). However the oxygen pressures
region where the second form was present, is expanded
(between 10−2–10−8 atm) depending upon the com-
position of the slags. When the degree of tetragonal
distortion of VO2+ ion decreases under reduced pres-
sures, it may be due to diminishing of second form of
paramagnetic vanadium, specifically depending on slag
composition.
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(a)

(b)

(c)

Figure 9 Variation of (a) �gII/�g⊥, (b) P and (c) Pβ2 K with log pO2

at different alumina contents.

The second form of the paramagnetic vanadium in-
dicates the presence of another site, possibly a tetra-
hedral geometry. Bogomolova et al. [4] examined V4+
in silica glasses containing ≤0.5 wt% VO2. They ob-
served the V4+ in tetrahedral site while carrying the
ESR measurements at 77 K. Fritsch et al. [7] also found
V4+ in tetrahedral site in silica glass when spectra were
recorded at ≤80 K. Signal broadening and overlapping
have also been reported when measurements were car-
ried at room temperature. Given that the ESR spectra
of the melts in present investigation are measured at
room temperature, it is possible that the second signal
may be that of a tetrahedral V4+ ion which could not be
separated from that of the VO2+ ion at room tempera-
ture. This indicates that the V4+ may be incorporated
into two different sites simultaneously as reported for
other transition ions, i.e. iron, [13–16]. It may only be

a tetrahedral site with a background signal as shown
earlier [4, 7].

4.1. Effect of basicity
As stated earlier [8], VO2+ ions tend to become more
distorted due to the decrease in number of free O2− ion
or non-bridging oxygen at low basicity of the slag.
The octahedral geometry of VO2+ is compressed due
to strong bonding between V4+-Oaxial, which is out-
side the network. The availability of non-bridging O2−
with increasing melt basicity removes the stress on
V-Oa bond, producing a change in structure of VO2+
ion as indicated by �gII/�g⊥ values. As discussed in
Section 3.1, from the ESR spectra, the V4+ has been
found as a distorted octahedral (VO)2+ complex, which
becomes more regularly octahedral when slag basicity
is increased (Slag C, basicity = 1.23). This is in accor-
dance with the results on sodium silicates, indicating
that the V4+ acts as a network breaker under these con-
ditions [8]. The addition of magnesia has a pronounced
effect on the vanadyl ion since it diminishes the second
form, thus favouring the octahedral coordination and
network breaker role of the paramagnetic vanadium.

The amphoteric nature of alumina is obvious since
there is no change in the observed vanadium coordina-
tion in the slags, at different levels of alumina investi-
gated. This is in accord with previous work on alkali
phosphate glasses where no change in the covalency of
vanadium was observed with the addition of alumina
[1].

There are several factors, which may be responsible
for the observed changes in the coordination, i.e., more
than one coordination sites for the same ion, experi-
mental conditions, clustering.

It has been shown [17, 18] that both Fe2+ and Fe3+
ions are octahedrally coordinated at low concentration
of iron in sodium and calcium silicates. Fe3+ adopts
a tetrahedral geometry as the total iron increases. The
concentration of Fe3+ also increases with an increase
in the total iron. Proportion of the tetrahedral Fe3+,
which is a network former, decreases with an increase
in temperature, which shows breakup of the network
upon raising the temperature. The present results are
in agreement with the above observations in that the
octahedral coordination (network breaker) of the V4+
increased as the temperature was raised from 1125 to
1325◦C [8] indicating a depolymerisation of the net-
work. Accordingly, an increase in melts basicity and/or
oxidised atmospheres favours the octahedral geometry
of V4+ or network breakage.

5. Conclusions
The results of ESR study of vanadium(IV) in different
metallurgical slags carried out over a range of com-
position and oxygen partial pressures are consistent
with our previous work on sodium and calcium sili-
cates [8, 19, 20] and others [1, 2, 5, 6, 10, 21]. The
paramagnetic vanadium found was V4+ as the VO2+
ion in a tetragonally distorted octahedral site and a sec-
ond form of paramagnetic vanadium was also predom-
inantly present when the V2O5 and Al2O3 content were
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increased, oxygen partial pressures was varied between
10−2–10−8 atm and/or basicity was lowered. The sec-
ond form of paramagnetic vanadium was diminished
between 10−2–10−6 atm when the MgO was added ir-
respective of the fraction of paramagnetic vanadium
(VPAR). The critical fraction for the induction of sec-
ond form of paramagnetic vanadium varied with the
melt composition.

The �gII/�g⊥ ratios are lowered under reduced oxy-
gen pressures and with an increase in basicity indicating
a more regular octahedral geometry. The decrease in P
and Pβ2 K values with an increase in basicity shows
a decrease in covalency and the tetragonal distortion.
�gII/�g⊥, P and Pβ2 K values remained independent
of the alumina content investigated. The V2O5 concen-
tration range studied was not sufficient to change the
covalency of vanadium.
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