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The determination of the oxidation state(s) of an element present in a solid sample may 

be required for a number of reasons, including the assessment of the degree of reduction 

which has taken place during a multi-step production of a metal. In addition, possible 

flaws in a metal may result from small amounts of oxides included in the solid. 

The analyte of interest may be present as a major component of a sample of interest, or 

as a minor impurity - beneficial or requiring removal - in another matrix. 

Numerous methods have been established for the analysis of species in solution samples 

- for example, Fe2+ and Fe3+ by titration, Cr6+ by colourimetric means, etc. With 

appropriate knowledge of the solution being analysed, many of these methods are fairly 

straightforward, extremely reproducible and accurate. In those instances where the 

analyte in a solution is known to be in only one form, the analysis is even more 

straightforward, since it can be achieved instrumentally (by AAS, rCP-OES or rCP-MS, 

for example). 

However, the situation with respect to the analysis of solids is not as simple. Various 

techniques - such as X-ray diffraction - are routinely used by our mineralogists to 

obtain information about the various minerals present in solid samples, and thus about 

the oxidation states of the analyte elements present. However, these techniques usually 

give results that are qualitative, or semi-quantitative at best. They are also usually time

consuming and expensive. One of our colleagues at Mintek, Deshenthree Chetty, has 

done extensive work in developing a method for the quantification of manganese 

species in solids using mineralogical methods, and this is no small achievement. 
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In an attempt to achieve quicker, cheaper and more quantitative results, scores of 

chemists have investigated chemical analysis methods for species analysis. Several 

challenges are immediately apparent. Firstly, and very importantly, is the challenge of 

dissolving the solid sample without changing the nature of the species present. Foe 

example, one of our traditional dissolution methods, namely alkaline fusion, is very 

efficient at digesting all kinds of san1ple types - but is not useful for species analysis, 

since the analytes are oxidised in the process. Once the sample is dissolved, a second 

challenge is to selectively measure the different species of our analyte. 

The usual approach taken to address these problems, is to selectively dissolve the 

individual species, and then separate the species of interest from the sample residue. 

Then the solution can be analysed in various ways, without interference from other 

analyte species initially present in the sample. 

To achieve this is not as simple as it may seem, and some of the complications will be 

discussed later, However, some examples of methodology used will first be given, to 

illustrate the general approaches taken in the selective dissolution of various species. 

It cannot be over-emphasised that the more information available to an analyst about the 

matrix of a sample being investigated, the more likely they are to achieve a good 

analytical result. The chemist is in a much better position to select a suitable method, 

and to give appropriate consideration to other elements present which could interfere 

with the dissolution or later analysis. 

Since iron and its compounds have been extensively investigate by numerous interested 

parties, and there is a large body of documentation on the determination of the different 

forms of iron (including metallic iron, ferrous and ferric iron oxides, and sulphides), I 

will use this as the basis of the discussion around methodology. 

Metallic Iron 

Metallic iron is usually a result of man's processing of ores, since it is rarely found 

in nature. There are various documented approaches to its dissolution: 

Page 2 



The Southern Ajhcan Institute of Mining and Metallurgy 
Analytical Challenges in Metallurgy 
Sandra Graham 

El U se of bromine/alcohol 

This is the usual approach taken at Mintek. The variations of this method are all 

based on the solubility of metallic iron, and the insolubility of iron oxides, in the 

bromine/alcohol mix. (Sulphides are soluble in the alcohol solvent.) The alcohol 

also prevents the oxidation of metallic iron (and other inetallics). At Mintek, the 

alcohol used is methanol. 

Before the metallic iron can be determined quantitatively, the solution is filtered. The 

bromine/methanol can then be removed, and the iron determined by a classical method 

such as titration, or instrument ally by ICP-OES, for example. 

• Mercuric chloride solution 

This method was first documented in 1880. The metallic iron is dissolved in a 

mercuric chloride solution, whereby the iron is converted to ferrous iron, and the 

mercury to mercurous chloride. The solution is then filtered, and the dissolved 

iron determined quantitatively. 

• Displacement of copper from cupric sulphate. 

Again, there are several documented variations to this method. The metallic iron 

present in the sample will replace copper in a cupric sulphate solution. The iron 

concentration is determined by measuring the copper precipitated. 

• Addition of hydrochloric acid to iron sponge, and determining the quantity of 

hydrogen gas evolved. 

• Dissolution using silver thiocyanate or silver ammonium thiocyanate, whereby the 

iron displaces the silver. 

Ferrous iron 

The ferrous iron can be determined once any metallic iron has been extracted. 

Again, there are several different methods in use. These include: 
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• Dissolution using a sulphuric acid / HF mixture. The sample is boiled in the acid 

mixture, in a platinum crucible or dish, and the solution then transferred to a 

solution containing a H2S04/ HCI04/ H3B04 mixture. The ferrous iron is then 

determined by titration. 

• Leaching of the sample in an ammonium vanadate / HF solution. A plastic 

container is used, and after leaching overnight, the sample is transferred to a 

solution containing a H2S04/ HCI04 / H3B04 mixture. The excess (unreacted) 

metavanadate is titrated with ferrous ammonium sulphate. 

The presence of sulphides and Ti3
+ are known to interfere, so must be determined 

separately and corrected for if possible. 

Ferric iron 

Usually the ferric iron concentration is determined by difference, once the total 

iron, metallics and ferrous iron have been quantified. (However, the ferric iron can 

also be determined in solution by titration.) 

This approach is not suitable in the presence of sulphides, and there are several selective 

leach methods for differentiating between "sulphide" and "oxide" forms of iron, as well 

as other base metals including copper and nickel. Usually in these methods, the 

sulphides remain in the residue once the oxides have dissolved into the acid mix. 

Some authors have documented solvent extraction methods, where the sample is 

leached with a sulphuric acid / HF mixture. After the addition of boric acid, the ferric 

iron is extracted with isopropyl alcohol. 

Similar selective dissolution methods are used for the determination of a number of 

other analyte elements of interest, such as titanium, aluminium, and nickel, with varying 

degrees of success. 
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Of course, reality is more complex than is suggested in the above methods. There are a 

number of factors - both analytical and physical - which complicate the matter. These 

include: 

El Once a separation has been achieved by, for example, dissolving metallic iron in an 

alcohol mix, the residue must be filtered and washed. It is critical to achieve this 

without, for example, oxidising the separated metallic iron. 

El Many of the separation methods require minimising the sample exposure to air 

during the selective dissolution. This can be achieved by maintaining an ineli 

atmosphere such as carbon dioxide or nitrogen. This is not always easy to achieve. 

In addition, highly skilled staff are required to carry out such procedures. 

El A good lmowledge of the sample composition/matrix is necessary, to establish 

which elements and/or mineral forms may be problematic. 

El Use of a optimal acid mixture / concentration during sample leaching is necessary. 

This also depends on a good understanding of the sample matrix. Ideally, then, 

mineralogists and chemists need to co-operate closely to achieve good sample 

characterisations. 

et The selective leach methods have not been adequately tested at trace levels. 

et Physical considerations of the sample form - such as the possibility of met allies 

enclosed within an oxide layer. This might prevent the metallics from coming into 

contact with the dissolution solution. 

El Milling and sample preparation issues - such as the possibility of alteration of 

species by localised heating during milling. 

El Accuracy and precision will be affected by additional factors such as particle size, 

dissolution temperature, degree of agitation, and contact time. 

El Partly as a result ofthe above, the lack of suitable reference materials to assist in 

assessing the accuracy of analytical results. 

In order to improve the situation, more method development work is necessary. Perhaps 

some kind of collaboration between interested parties would be beneficial? Greater, 

directed, co-operation between mineralogists and the chemical labs could assist us in 

devising better methods for quantifying the various species more accurately. In addition, 

the existing methods must be refined, particularly as new or untested sample types 
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require investigation. There is also an on-going requirement for lower limits of 

quantification. Another challenge is the production of suitable control I reference 

samples. 
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