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 Introduction:  Activity coefficients of trace ele-

ment are an important factor in predicting the partition 

coefficients for components in silicate melts. These ac-

tivity coefficients vary with melt composition in com-

plex ways. This study looks at the effect of ferric iron 

on the activity coefficient of nickel(II) oxide (NiO) in 

silicate melts, offering theoretical insight into behavior 

of both NiO and ferric iron in melts. 

 

Experimental Methods: The intent of these exper-

iments was to compare effects of adding iron to a diop-

sidic melt to effects of adding MnO and MgO, expecting 

that each would act as a network modifier and have sim-

ilar effects on polymerization and the activity coeffi-

cient of NiO.  Three series of mixtures between diop-

sidic melt and melts more enriched in MgO, MnO, or 

iron (added as FeO1.5) were made from reagent grade 

chemicals and ground with an agate mortar and pestle 

under methanol. Table 1 gives the nominal molar com-

positions for the series with MnO (MMCS) and iron 

(FMS) (compositions of the series with MgO were re-

ported in [1]). Nickel oxide and cobalt oxide were added 

to compositions as follows; 0.4wt% NiO and 0.4wt% 

CoO (FMS-this study), 0.3wt% NiO (FMS-Anderson et 

al), and 0.5wt% NiO (MMCS). 

Experiments were run on Pt wire loops in a 1-atm 

gas mixing furnace in a CO2 atmosphere at temperatures 

shown in Table 1. Temperatures were measured with a 

Type-S thermocouple placed adjacent to the sample. 

Based on Ni concentration in silicate melts and Pt 

with which it equilibrated, activity coefficients can be 

calculated from the relationship NiO(melt) ↔ Ni0
(Pt) + 

½O2.  Activity of O2 can be calculated from the furnace 

gas mixing ratio using data from [3]. The activity of Ni0 

in Pt is calculated from the concentration in Pt measured 

with an electron microprobe (using a JEOL 733 Super-

probe with long counting times) based on activity coef-

ficients from [4]. 

We calculated the activity coefficient for γNiO 

=aNiO/XNiO relative to the standard state of liquid NiO 

after the free energy expression from [5].  

To minimize uncertainty in our measurements for a 

set of experiments at any one temperature, pressure, and 

fO2, we normalized activity coefficients to that in a 

known diopsidic melt [2, 6, 7, 8], after the following ex-

pression. 
 

γ0
melt / γ*

melt = γ¥
Diopside / γ*

Diopside 

 

where γ* = the measured apparent activity coefficient 

in the series of experiments, γ¥ = the 'best' activity coef-

ficient for NiO in diopsidic melt from a variety of other 

experiments and modeling (which we took to equal 

2.34), and γ0
melt = the normalized activity coefficient in 

the melt. The normalization reduces the uncertainty for 

a series of experiments done over a short period of time 

and under the same conditions when compared to exper-

iments done at a different time or in a different furnace 

which may have had unidentified differences in fO2. 

 Modeling NiO Activity: Complex variations 

in γNiO can be understood as arising from covariations 

in activities for Ni2+ and O2-, as expected from an ex-

pression such as NiO ↔ Ni2+ + O2- [6, 7, 8].   

aNi2+ can be modeled by considering that the Ni2+ 

mixes randomly (ideally) with a subset of cations in 

the melt (a 'mixing pool') with similar size and charge 

such that  
 
aNi2+ = XNi2+/mixing pool = XNi2+/(0.8854٠XMgO + 

0.7641٠XCaO + 0.4120٠XFeO) [8].   Eqn. 1 
 
The activity of the oxide ion, aO2-, can be modeled 

by considering a reaction between bridging oxygens 

Table 1. Experimental temperatures, nominal compositions in 

molar percent, and measured activity coefficients. Ferric/Ferrous 

ratio is calculated from nominal concentration using the model of 

[2]. 

Exptl  

composition 

T(C) γNiO γNiO 

[1] 

SiO2 MgO CaO FeO FeO1.5 

100%Di 1561 2.34 2.34 49.9 25.1 25.0 0.0 0.0 

25%FMS-

75%Di 
1561 2.00 2.11 44.8 24.7 18.6 6.7 5.1 

50%FMS- 
50%Di 

1565 1.37 1.70 39.7 24.3 12.4 12.5 11.1 

75%FMS- 

25%Di 
1562 1.48 1.32 34.7 23.9 6.1 17.0 18.2 

100%FMS 1564 1.41 1.26 29.8 23.5 0.0 20.0 26.6 

       MnO  

100%Di 1564 2.20  49.9 25.1 25.0 0.0 - 

100%Di-B 1564 2.48  49.9 25.1 25.0 0.0 - 

17%MMCS-

83%Di 
1564 3.16  47.2 25.3 22.8 4.7 - 

34%MMCS-
66%Di 

1565 3.55  44.6 25.4 20.6 9.4 - 

50%MMCS-

50%Di 
1564 3.97  42.1 25.5 18.6 13.8 - 

50%MMCS-

50%Di-B 
1567 3.65  42.1 25.5 18.6 13.8 - 
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and non-bridging oxygens such as 

Si-O-Si + O-2 → 2Si-O   Eqn. 2 

From this conceptual idea, activity of the oxide ion 

(as it pertains to activity of NiO) can be modeled by a 

polynomial expression of network-forming cations in 

the form 
 

aO2- = [-0.7445 +10.4050٠(Oxy – 2NF) -30.8710٠(Oxy 

– 2NF)2 + 33.7434٠(Oxy – 2NF)3], [8]   Eqn 3. 
 

where NF= mole fraction network forming cations = 

XSiO2 + 0.41XAlO1.5 + 1.75XTiO2,   Eqn 4. 

and Oxy = total molar oxygens [6, 7, 8]. 

 

Results:  Figure 1 shows the effect of adding depoly-

merizing agents to diopsidic melt, including adding 

MgO (MACS), MnO (MMCS) and iron (FMS).  

Bridging Oxygens = 1-NBO.  NBO = (2∙Oxy-

4∙NF)/Oxy, where Oxy and NF are defined above.   

   Adding FeO and FeO1.5
 has an effect on γNiO differ-

ent from Mn (various valences) and MgO, with more 

MgO and Mn resulting in higher γNiO, whereas Fe 

(Fe3+ and Fe2+ in roughly equal proportions) decreases 

γNiO.  Presuming that the effects of Fe2+ are ade-

quately described by Eqn 1, the effects of Fe3+ on γNiO 

might be due to how it affects either γNi2+ (Eqn. 1) or 

aO2- (Eqn. 3).  

The effect of Fe3+ on γNi2+ can be expressed by 

Eqn. 1 with the addition of the term A∙XFeO1.5.  The 

term 'A' reflects by how much the Fe3+ participates in 

the mixing pool and dilutes Ni2+.  The term B∙XMnO 

can be added to Eqn. 1 to reflect effects of MnO. 

The aO2- depends on melt polymerization after 

Eqn. 3, with increasing polymerization decreasing 

aO2-.  The expression for network formers (NF) in Eqn. 

4 can be modified to include the term C∙XFeO1.5.  

Using the SAS statistical package to fit the data in 

Fig. 1 to Eqns 1 and 3, with the terms in the previous 

two paragraphs added, yields values for A, B, and C of 

0.39 (±0.37 1σ), 0.10 (±0.16 1σ), and 1.1 (±0.19 1σ), 

respectively.  

The terms A and B are not statistically significant, 

suggesting that any mixing of Ni2+ with Mn or ferric 

iron in the melt is not significant in these experiments.  

The significance of the C term suggests that the trend 

of γNiO decreasing as more Fe3+ is added can be ex-

plained by Fe3+ in tetrahedral coordination increasing 

the amount of bridging oxygens present in the melt, 

acting as a polymerizer. The decrease of aO2- caused 

by polymerization of the melt leads to the γNiO de-

creasing. 

A comparison between modeled and measured val-

ues for γNiO using the least squares fit values of A, B, 

and C is shown in Figure 2. The values determined for 

coefficients A and C are within uncertainty of values 

determined based on a different approach and inde-

pendent experiments reported elsewhere in this volume 

[9]. 

 

 
Fig. 1 When bridging oxygens are calculated assuming that 

ferric iron is a network modifier, the apparent effect of in-

creasing iron (FMS series) on NiO is opposite the effects of 

adding MgO (MACS series) or MnO (MMCS series).  How-

ever, if ferric iron is assumed to act as a network former, the 

effect of adding iron continues a trend established by the 

MMCS and MACS series. 

 

 
Fig. 2 Fit of data to the least-squares model 

 

Conclusions: Our experiments show that adding iron 

(~50% ferric) to the melt has the opposite effect of 

adding Mn and Mg. This is understood as due to ferric 

iron polymerizing the melt which decreases aO2-, re-

sulting in a decrease γNiO.  Better theoretical under-

standing of variations in activity allow for better pre-

diction of activities and partition coefficients. 
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