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Introduction:  Previous experiments suggest that insignificant amounts of CO dissolve in silicate melts even at pressures exceeding 1 atm [1, 2].  If the solubility of CO in silicate melts is indeed low, we expect that presence of CO will have little effect on the activities of other species in the melt, such as Ni.  However, other work has suggested the possibility that CO is significantly soluble in silicate melts even at 1 atm pressure [3] and that the activity of Ni is significantly altered at low fO2 in experiments with 1 atm CO [4, 5, 6].  Subsequent work failed to reproduce these variations in Ni activity at low fO2 [7, 8].  If CO does dissolve in silicate melts or affect the activities of species such as those involving Ni, it has important implications for our understanding of magmatic process under very reduced conditions [6, 9].  Understanding complex variations in Ni activity with fO2 or CO will also help in understanding other magmatic processes on the Moon in whose interior reduced conditions may have existed in the past.  We report here results of electrochemical experiments at one atm pressure which indicate that the activity of Ni in silicate melt is decreased in the presence of CO relative to that activity expected based on CO-free experiments.  This change in activity suggests that CO, even at one atm pressure, does have a significant affect on Ni in silicate melts.
Experimental:  Silicate melt samples (composition SiO2 55.5 wt%, CaO 25.9%, MgO 18.6%) with 0.3% NiO, were suspended on platinum loops in a Deltech gas-mixing furnace at selected temperatures (1440, 1500, 1575(C) and oxygen fugacities (ranging from 1.8 x 10-3 to 3.0 x 10-10). Temperatures were measured with a type S thermocouple.  Oxygen fugacity was controlled by varying proportions of CO and CO2 in the furnace with a gas flowmeter.  Oxygen fugacity was calculated from the relationship 

[O2]½ = [10(-14690.25/T (K) + 4.479)][CO2]/[CO] [10].  


The cyclic voltammetry method as explained in [11] was used to measure the effects of CO on Ni activity in the melt.  This method involves imposing an electrical potential between the reference and working electrodes and measuring the current that results due to reduction or oxidation of electroactive species in the melt.  The current is a function of the free energy for the reduction of the electroactive species (related to its activity), diffusion rates, reaction kinetics, and other characteristics of the reaction.  We did electrochemical experiments at three different scan rates (200, 500, and 1200 mV/sec) to allow for testing of equilibrium conditions.  Tests for equilibrium conditions are reported by [11], and equilibrium for these experiments is demonstrated in Fig. 1.  Nickel concentration changed continuously throughout the more reduced experiments due to diffusion of reduced Ni (Ni0) into the Pt electrodes and a presumed loss of Ni as a volatile species.

Results:  Because the reference electrode in these experiments is an oxygen electrode [12], we expect that the Ni2+ will become easier to reduce as oxygen activity decreases.  This effect of oxygen activity on the reduction of Ni2+ can be predicted from the reaction NiO ( Ni + ½ O2  and the Nernst equation:  


(1) 4F(E = RTln(fO2/fO2std state), 

where R=gas constant, F=Faraday’s constant, T=temperature (K), (E=change in the electrochemical Ni reduction peak position.  Our interest in this study is to measure whether the presence of CO has an affect on (E (and thus on Ni2+ activity) in excess of that expected solely because of changes in fO2.  


There is a significant shift in the Ni reduction peak position with increasing CO/CO2 even after correcting for the expected offset due to changes in fO2 (Fig 2).  The shift in the position of the Ni reduction peak can be related to any of the components in the half-cell reactions at the reference and working electrodes described in equations 2 and 3.
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Thus, the shift in peak position can be attributed to changes in the activity of any of Ni2+, Ni0, O2-, or O2.  

The affect of oxygen activity on the peak position is accounted for through the relationship expressed in equation 1.  Thus, changes in fO2 cannot explain the peak shift unless our calculation of fO2 is in error by more than a factor of 6 (However, we note that severe errors in calculating or measuring fO2 are possible at least at temperatures much lower than those in these experiments [14]). Any change in O2- with CO should affect the position of the curve in Ni-free diopsidic experiments.  In the experiments done in Ni-free diopsidic melt, peaks and changes-in-slope occur at nearly the same electrode potentials when corrected for fO2 suggesting that CO does not affect the activity of O2- in the melt very much.  (Although some slight changes in curve shape are observed between experiments in pure CO2 and those in CO-CO2 mixtures with 90% CO suggest that there may be some effect of CO on O2- but too little to explain the peak shift seen in Fig. 2).  Thus,  the Ni peak shift is unlikely to be caused by a change in O2- activity.  CO could affect the activity of Ni0 in Pt if significant C dissolves in the Pt.  Carbon dissolves only slightly in Pt-group metals [15], and, given the low activities of C in these experiments (<10-3, [10]), it is unlikely that this explains the shift seen in Fig. 2. 


This leads us to believe that the presence of CO is significantly affecting the Ni2+ activity in the silicate melt.  This further suggests that CO must be dissolved in the melt to a sufficient extent to affect Ni2+ activity.


Although electrochemical results demonstrate that the electrochemical reduction of Ni2+ is an equilibrium process on the scale of a few seconds time (Fig. 1), the position of the reduction peak that is derived in the electrochemical experiments continues to shift for at least three hours after introducing the CO into the furnace.  Consequently, the peak positions we report here are projected to long experiment durations (presumably equilibrium) (Fig. 3).  These projected peak positions are reported in Fig. 4, along with corresponding changes in the activity coefficient for Ni in the melt.  If we interpret the shift in activity as being due to increasing presence of a CO-related Ni species in the melt, our results can be compared to the “excess Ni” reported by [6] in silicate melt of a different composition at low fO2 (Fig. 4).  Interpreted in this way, the results of [6] are similar to the present study.


We are not sure what causes the electrochemical peak to shift for as much as three hours during melt equilibration, but we think there may be metastable Ni in the melt which takes some time to diffuse into the Pt electrodes or evaporate as a volatile species.  

Conclusion:  Presence of CO in the gas phase affects the activity of Ni in silicate melt more than that expected solely from changes in fO2.
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