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1.
Introduction
Raw lead materials contain many residual elements.  With respect to setting ‘safe’ levels for these elements, each country has its own standard, but the majority of the present specifications for lead apply to flooded batteries which employ antimonial grids.  In these batteries, the antimony in the positive and negative grids dominates the gassing characteristics so that the influence of residual elements is of little importance.  This is, however, not the case for valve-regulated lead(acid (VRLA) batteries which use antimony-free grids and less sulfuric acid solution.  Thus, it is necessary to specify ‘acceptable’ levels of residual elements in lead for the production of VRLA batteries.
The objective of this study is to improve the performance of VRLA batteries under float duty by controlling hydrogen and oxygen gassing to safe limits through re-specifying the ‘acceptable’ levels of residual elements in the lead used for oxide production.  Moreover, sure knowledge of these limits will place less stringent demands on the refining of lead.

2.
Experimental
In this study, seventeen elements are examined, namely:  antimony, arsenic, bismuth, cadmium, chromium, cobalt, copper, germanium, iron, manganese, nickel, selenium, silver, tellurium, thallium, tin, zinc.  The following strategy has been formulated to determine the acceptable levels:  (i) selection of a control oxide — an oxide of high purity used by many battery manufacturers in the USA; (ii) determination of critical float, hydrogen and oxygen currents; (iii) establishment of a screening plan for the elements; (iv) development of a statistical method for analysis of the experimental results.  The critical values of the float, hydrogen and oxygen currents are calculated from a field survey of battery failure data, namely, 1.000, 0.023 and 0.977 mA Ah-1 per cell, correspondingly [1-3].  The values serve as a base-line for comparison with the corresponding measured currents from cells using positive and negative plates produced either from the control oxide or from oxide doped with different levels of the seventeen elements in combination.  The latter levels are determined by means of a screening plan which is based on the Plackett-Burman experimental design [4].
3. Results and discussion

Three levels at which the measured float, hydrogen and oxygen current are equal to their corresponding values have been determined for each element.  The lowest value is taken as the maximum acceptable level (MAL).  During this determination, synergistic effects between elements have been found.  For hydrogen gassing, masking effects (‘beneficial synergistic effects’) arise mainly from the combined action of bismuth, cadmium, germanium, silver, and zinc.  The combination of bismuth, silver and zinc gives the greatest suppression of gassing, whereas nickel and selenium accelerate the gassing rate markedly.  This indicates that nickel and selenium have a detrimental synergistic effect on hydrogen evolution.  For oxygen gassing, the masking effects are due to the combined action of antimony and iron.  Again, nickel and selenium are found to enhance the gassing rate, but the effect is not as strong as that observed for hydrogen evolution.

Two specifications have been developed for the levels of the above seventeen elements in lead to be used in oxide production for VRLA technology, namely, specifications I and II (Fig. 1).  In specification I, beneficial elements, such as bismuth, cadmium, tin and zinc, are set at high levels.  In the specification II, these elements are at normal levels, i.e., the levels usually set in national standards.  The float currents delivered by the above VRLA cells over a wide range of temperature (21 to 62 oC) have been examined (Fig. 2).  It is found that the effect of temperature on the float current of VRLA cells prepared from control oxide and oxides with the two specifications increases in the order:  specification I < control < specification II.  Thus, by keeping beneficial elements at high levels, greater concentrations of harmful elements in lead can be tolerated.  Importantly, the change in float current with temperature of a VRLA cell using oxide of specification I is even smaller than that of cell prepared with control oxide.
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Fig. 1.  Proposal specifications for lead used to produce VRLA batteries.
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Fig. 2.  Effect of temperature on float current of VRLA cells made from different oxides.
4.
Conclusions

This study has highlighted the importance of setting the maximum acceptable levels of seventeen residual elements in soft lead used to manufacture both flooded and VRLA batteries.  Two specifications have been developed, namely, specifications I and II.  In specification I, beneficial elements, such as bismuth, cadmium, tin and zinc, are set at high levels.  In the specification II, these elements are at normal levels, i.e., the levels usually set in national standards, to accommodate metal producers who do not wish to add such elements to their lead.  Furthermore, the levels of most of the harmful elements (i.e., the remaining 13 elements) in specification I are twice as high as those in specification II.
VRLA cells using positive and negative plates produced from oxide with either specification I or II deliver satisfactory float, hydrogen and oxygen currents, i.e., within the corresponding critical values.  The float current of VRLA cells increases with increase in temperature, irrespective of the type of oxide.  Nevertheless, the degree of increase in float current is greater when using oxide with specification II than with specification I.  This demonstrates that by keeping the beneficial elements at high levels, greater concentration of harmful elements can be tolerated.  Moreover, the effect of temperature on the float current delivered by oxide with specification I is even smaller than that observed for the control oxide.  In addition, these cells do not suffer from selective discharge of the negative or positive plates during float charging at constant voltage.  The set voltage can be as low as 2.20 V, even when oxygen recombination has become very efficient.  
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