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SYNOPSIS 

The determination of iron in the range 0,05 to 0,20 per cent by spectrophotometric, 
atomic-absorption-spectrophotometric, and X-ray-fluorescence procedures was examined. The 
methods finally developed give consistent results and have a precision varying from 2 to 5 per cent. 

A preliminary examination was made in this application of emission spectrography with an 
induction-coupled plasma 'orch as the source. X-ray and emission spectrography were found to give 
the most rapid routine control, although the atomic-absorption procedure is currently the best referee 
method. 

It was concluded that sample variability is insufficient to account for the wide differences 
normally observed in the analyses for iron by different laboratories. 

The laboratory leaching test developed indicates that all the surface iron is removed after a 
digestion period of 1 hour in hydrochloric acid. 

SAMEVATTING 

Die bepaling van yster in die bestek van 0,05 tot 0,20 persent deur spektrofotometrie-, 
atoomabsorpsiespektrofotometrie- en X-straalfluoressensieprosedures is ondersoek. Die metodes 
wat uiteindeiik ontwikkel is, gee konsekwente resultate en het 'n presisie wat van 2 tot 5 persent 
wissel. 

Daar is 'n voorlopige ondersoek ingestel na hierdie toepassing van emissiespektrografie met 'n 
induksiegekoppelde plasmavlam as die bron. Daar is gevind dat X-straal- en emissiespektrografie die 
vinnigste roetinekontrole gee, hoewel die atoomabsorpsiemetode op die oomblik die beste 
beslissingsmetode gee. 

Daar is besluit dat die variasies in die monsters nie voldoende is om die groot verskille wat 
normaalweg in die ontledings vir yster deur verskillende laboratoriums waargeneem word, te verklaar 
nie. 

Die laboratoriumuitloogtoets wat ontwikkel is, dui daarop dat al die oppervlakyster na 'n 
verteringsperiode van 1 uur in ioutsuur verwyder is. 
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1. INTRODUCTION 
Deposits of zircon sand represent a source of zircon to the ceramics industry, some 70 percent of 

the World's market being supplied by Australia. The beach deposits at Richards Bay are estimated as 
being capable of supplying some 25 per cent of the World market. The quality of the material required 
by the ceramics industry is largely determined by the nature of the Australian deposit, which has a low 
iron (FjO,) content of approximately 0,05 per cent. The deposits at Richards Bay contain a certain 
amount of iron in the lattice structure of the detrital minerals, but the zircon grains are also coated with 
iron oxide, which will have to be removed before a material approaching the quality of that from 
Australia is produced. 

Procedures for the determination of the total iron before and after leaching were necessary 
before an assessment could be made of the leaching process for iron and the final zircon product. The 
methods submitted to the National Institute for Metallurgy (NIM) for study were based either on 
atomic-absorption measurement', or on the formation of a thiocyanate complex- and subsequent 
spectrophotometry measurement of that complex. From the details available for the latter method, 
the stability of the thiocyanate complex is in doubt and the reliability of the procedure is questionable. 
The estimated total iron content (expressed as Fe 2 0 : t ) of the Richards Bay deposit is about 0,20 per 
cent, the recorded values for a given sample ranging from 0,16 to 0,30 per cent (Table 2), which 
underlines the need for a reliable procedure. The second method submitted was therefore not given 
any further consideration. 

Workers in this field have stressed the difficulty of sampling arising from the non-spherical shape 
of beach-sand particles, and much of the variability between the results from local and overseas 
laboratories has been attributed to the sampling problem. Grinding to a finer particle size as an aid to 
sampling is not desirable because it can introduce contamination in the form of iron or silica. Such 
contamination is largely obviated by the use of tungsten carbide as the grinding medium. 

In the investigation described here, NIM set out to do the following: 
(a) establish several reliable methods for the determination of iron in zircon in the range 0,05 to 

0,50 per cent to ensure that there is no bias between the methods, 
(b) recommend a method for routine control and for umpire analysis of the iron in the zircon 

from beach sands, 
(c) examine the variability arising from the conventional sampling of processed beach sands, 
(d) examine the leaching characteristics, on a laboratory scale, of samples from different areas of 

the Richards Bay deposit. 

2. EXPERIMENTAL METHODS 
After due consideration and some preliminary tests relating to the sensitivity and limits of 

detection obtainable by different procedures, it was decided that both atomic-absorption 
spectrophotometry and X-ray fluorescence (using a technique involving added reference standards) 
should be used since this type of instrumentation was likely to be available at the Richards Bay plant. 
A spectrophotometric procedure based on the formation of a complex with 1,10-phenanthroline or 
the bathophenanthroline complex with iron was also examined and gave a third procedure for iron. As 
it subsequently became apparent that emission-spectrographic instiumentation might also be 
available, a limited examination of the use of the induction-coupled plasma torch was made. 
2.1. Dissolution of the Sample 

Because of the possible unhomogeneity of the samples, tests on the accuracy and precision of the 
different methods were related to analyses made on aliquot portions of the same solution. It was 
therefore important that there should be no loss of iron during the preparation of the sample solution. 

Fusion with potassium pyrosulphatc or sodium peroxide was used for dissolution of the sample. 
A fusion of 1 g of sample with 8 g of peroxide and 2 g of sodium carbonate in a zirconium crucible 

readily gave a completely fluid melt that dissolved readily in acid. As the presence of nitric or sulphuric 
acid was detrimental to the proposed spectrophotometric or atomic-absorption method respectively, 
leaching of the fusion melt was done initially with water, followed by acidification with hydrochloric 
acid. However, this procedure resulted in the formation of variable amounts of silicic acid, which, as 
shown subsequently, gives rise to a variable degree of interference from silicon in the 
atomic-absorption procedure. Although dissolution of the melt with 50 per cent (v/v) hydrochloric 
acid prevented the precipitation of some silica, it was not sufficiently effective. The leaching was 
therefore done in water, and the resulting solution boiled so that all the zirconium and ferric 
hydroxides would be precipitated. Under these conditions, silica remains in solution. 

1 
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After cooling, these precipitates were filtered off under vacuum, and the precipitate was 
redissolved with hydrochloric acid, evaporated, and made up to a volume of 50 ml. In this way, silicon 
and large amounts of sodium salts were avoided in the final solution for analysis, which is an important 
precaution if iron is to be extracted with methyl isobutyl ketone (MIBK) from an acid medium of high 
molarity. 

As iron is a common constituent of many reagt nts, its presence in the blank solution is important 
in relation to the concentration of iron to be measured in the sample solution. The major contribution 
of iron to the blank solution, which, in the present work, contained approximately 2 p.p.m. of iron, was 
made by the sodium peroxide. The best reagent from this point of view was found to be Merck 
granular peroxide. The amount of iron attributable to the acid and the zirconium oxychloride used for 
the preparation of the standards was negligible in relation to that from the peroxide. It is possible for 
1 g of zircon to be fused with as little as 5 g of a 4-to-l mixture of sodium peroxide and sodium 
carbonate and thus halve the iron content of the blank solution, but this procedure requires 
considerably more care and is not easily justified in relation to the measurement of 1000 ng of iron in 
1 g of sample. The contribution from the zirconium crucibles in which the fusion was carried out was 
found to be negligible. 

In a determination of the effectiveness of the dissolution method proposed for the recovery of 
iron (for which zirconium acts as a carrier), a simulated sample solution was prepared by the fusion in a 
zirconium crucible of an amount of ZTO, and SiO* equivalent to 1 g of sample, appropriate amounts of 
iron (200 to 1000 fig) being added both before and after the fusion step. The dissolution procedure 
already outlined was followed. The recovery* of the iron was compared, by use of atomic-absorption 
spectrophotometry, with that of a solution containing known amounts of zirconium and iron and with 
that of a blank solution carried through the procedure. Spiking tests were also done with actual 
samples, the additions being made before and after the fusion step. The results for the recovery of 
iron, which are listed in Table 1, were quantitative within the experimental error of the 
atomic-absorption measurement. 

TABLE 1 

Recovery of iron after separation from silicon and sodium salts 

Method of testing Fe spike 
Mg 

Recovery 
% 

Synthetic solution and spike before fusion 
Synthetic solution and spike to leach liquor 
Sample and spike before fusion 
Sample and spike to leach liquor 
Average 

1000 
1000 
1000 

200 

99 
99 
96 

105 
100 

2.2. Analytical Procedures 
After the quantitative recovery of the iron in the analysis solution had been established, 

optimization of the three proposed analytical procedures was examined, and some limited work was 
done on the evaluation of an emission-spectrographic method. 
2.2.1. Spectrophotometry Determination with 1,10-Phenanthroline 

Since it had been concluded that l,l()-phenanthroline would give adequate sensitivity in the 
determination of 1000/ug of iron in l gof sample', the extraction of iron was attempted initially with 
MIBK from 3.9 N hydrochloric acid in the presence of the sodium salts from the fusion step. The 
organic pL.tsc was then back-extracted with water, and the iron was complexed with 
l,IO-phcnanthroline. However, the recovery was only about 60 per cent. 

As the iron is separated along with the zirconium from the silicon and sodium salts, the method of 
determination using the same chromogenic agent has to be applicable to a solution containing 
relatively large amounts of zirconium (65 to 75 mg). Tests showed that, unless the zirconium is 
dcpolymerized first, the recoveries of iron are low (approximately 85 per cent), and that, unless the 

' In this report, recovery mciiis .miotint ilclermincil .IN .I pcrci'tiliijsc of the iimounl prcNcnl. 
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TABLE 2 

Analytical values for beach-sand samples 
F e t O j , % 

Sample no. 

Fraction A Fraction B Mean 

Sample no. AAS Sp XRF AAS Sp XRF Fraction 
A 

Fraction 
B 

1177 
1178 
1179 
1180 
1181 
1532 
1533 
1534 
1535 
1536 

0,133 
0,132 
0,162 
0,255 
0,172 
0,139 
0,242 
0,150 
0,130 
0,136 

0,173 
0,129 
0,123 
0,245 
0,162 
0,134 
0,236 
0,143 
0,122 
0,142 

0,130 
0,124 
0,153 
0,239 
0,160 
0,150 
0,239 
0,137 
0,122 
0,137 

0,137 
0,120 
0,157 
0,266 
0,156 
0,147 
0,227 
0,150 
0,152 
0,129 

0,147 
0,136 
0,167 
0,266 
0,162 
0,157 
0,222 
0.157 
0,167 
0,139 

0,147 
0,133 
0,167 
0,272 
0,157 
0,147 
0,205 
0,156 
0,165 
0,130 

0,145 
0,128 
0,146 
0,246 
0,165 
0,141 
0,239 
0,143 
0,125 
0,138 

0,144 
0,130 
0,164 
0,268 
0,158 
0,150 
0,218 
0,154 
0,161 
0,133 

Fe,Oj content of zircon standard BCS 388 by AAS 0,054 %, certified value 0,06 %, and range 0,05 to 0,07 % for 6 analysts. 
AAS= Atomic-absorption spectrophotometry 
Sp = Spectrophotometry 
XRF= X-ray fluorescence 

zirconium in the resulting solution is complexed with ethylenediaminetetra-acetic acid (EDTA), it 
can precipitate at a later stage. A more stable complex of iron is formed if the iron is reduced before 
the addition of the complexing agent and time (i.e., a cooling period of 2u minutes) is allowed for 
completion of the reduction step. The coloured complex was found to be relatively stable for up to 24 
hours. The absorbance readings taken at 510nm after 24 hours showed an increase of up to 0,003, 
which is equivalent to an iron content of only 0,004 per cent. The addition of zirconium to the 
calibration standards is unnecessary (see Figure 1). 

Details of the proposed procedure are given in the Appendix. 
2.2.2. Measurement by Atomic-Absorption Spectrophotometry 

The interference effects of zirconium on the determination of iron in air-acetylene and nitrous 
oxide-acetylene flames are shown in Figures 2 and 3. Figure 4 shows the type of calibration curve that 
was obtained for iron in solutions containing zirconium and silicon. These solutions had been 
prepared by fusion of the silicon and zirconium oxychloride with sodium peroxide and spiking with 
iron after dissolution of the fusion. The interference from zirconium is much less in the nitrous 
oxide-acetylene flame, and, despite the loss in sensitivity with this flame, the sensitivity is still 
adequate for the measurement of 0,05 percent iron. A further gain in sensitivity can be obtained from 
increased sample concentration in the solution to be measured (with appropriate changes in the 
matching of standards with respect to zirconium). The unsatisfactory nature of the calibration curves 
for both flames in the presence of silica (Figure 4) is undoubtedly due to the variable amounts of silica 
precipitated when the leach liquor is acidified. It was for this reason that a separation step was 
incorporated in the sample-uissolution procedure. 

The procedure finally adopted was the measurement of iron in a solution from which the silicon 
and the sodium salts had been removed (see Section 2.1) and only zirconium and traces of calcium 
and magnesium remained. A nitrous oxide-acetylene flame was used, and calibration standards were 
matched with respect to the concentrations of zirconium and hydrochloric acid (20 per cent v/v) in the 
sample solution. 

Details of this method are given in the Appendix. 
2.2.3. X-ray-fluorescence Analysis 

A scan of the spectrum of a solution containing zirconium, silicon, and iron (20 p.p.m. - to 0,1 
per cent in the sample) showed that a sufficiently high count rale could be obtained for iron, and that 
no spectral interference was present. Calibration could therefore be effected either by the use of 

.1 
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matched standards or by use of a single reference solution 1 . The latter procedure was cht sen since it 
involves the preparation of only a single reference solution for iron that is stable for reasonably long 
periods, and since it incorporates a correction for variations in matrix (although these can generally be 
expected to be small). 

The method involves the measurement of the Fe K « radiation, firstly in an aliquot portion of the 
sample solution prepared as described in Section 2 .1 , secondly in a solution representing equal 
volumes of sample and iron reference solution, and lastly in the iron reference solution. 

The concentration of iron in the sample is calculated from the following equation: 

c = IM-JMS .k.-**-.100 

Ins 'S IR MS 

wrh.r? *" = concentration of iron in original sample (%), 
/„ = intensity in standard reference solution, 

IKS - intensity in reference and sample solutions, 
/, = intensity in sample solution, 

WK = amount of iron in reference solution of 100 ml, and 
Ms = mass of sample in solution of 100 ml. 

A correction for background interference is applied to the intensity measurements. The 
correction is based on the measurement of the background intensity at an appropriate 2 ft angle and the 
ratio of this intensity to that at the 2ft angle for F e K a in a solution devoid of iron. 

The volume of solution used is 6 ml for the first measurement and 3 ml for the second, a similar 
volume of reference solution being required in which the concentration of iron should be at least five 
times that of the highest concentration of iron to be measured in the sample, e.g., in these tests 3 to 
6 g/1 for a concentration of 0,3 per cent. 

Because a matrix correction is incorporated in the calculation, variable amounts of a light 
element can be readily tolerated and the preparation of the sample solution is simplified. Thus, no 
separation step is necessary, and the fusion melt can be dissolved rapidly in 50 per cent (v/v) 
hydrochloric acid, the leach liquor made to volume, and the solution filtered just before measurement 
for the removal of any precipitated silica. This precipitated silica has an insignificant effect o n the 
calculation when the final volume taken is 5 0 m l ; no iron is occluded in the silica precipitate. 

2.2.4. Emission Spectrograph^ 
Recent developments in the field of emission spectrography indicate that the induction-coupled 

plasma torch 5 (ICP) is highly sensitive as a so 1 rce of excitation for elements in solutions, gives a high 
precision of analysis, and is generally free from matrix effects after corrections for background 
interference have been taken into account. 

This method was applied to the determination of iron in solutions of zircon beach sand that had 
been prepared by fusion of 1 g of sample with 5 g of sodium peroxide and 1 g of sodium carbonate, and 
by leaching of the fusion melt with 50 per cent hydrochloric acid. After the solution had been adjusted 
to a volume of 100 ml (the total salt content being about 7 per cent), any silica present was removed by 
filtration and the filtrate atomized into the plasma torch. The spectra were recorded photographically, 
and the line intensities were converted to concentrations by use of a calibration curve drawn for 
synthetic standards containing only iron, sodium salts (as these are the main source of matrix effects in 
work with the ICP), and appropriate amounts of acid. The percentages for Fe.,,0 : ) obtained for three 
samples were 0,23 (sample 1180) , 0 ,14 (sample 1532) , and 0,15 (sample 1534) , and these compare 
favourably with the values obtained by the alternative procedures given in Table 2. N o details of the 
operating conditions are given since these are currently being investigated further. 

3. ANALYSIS OF SAMPLES FROM THE RICHARDS BAY DEPOSIT 
Because of doubts about the homogeneity of beach-sand samples, ten random samples were 

analysed. These samples were taken from each of two bulk test samples of low and high iron content 
(0,13 and 0,26 per cent FejO : , respectively) having a particle-size distribution of 90 per cent smaller 
than 100 mesh. The results are given in Table 3 . 

The variability associated with the overall procedure for either sample is too low to account in any 
way for the variability in results reported by local and overseas laboratories. This conclusion is 

4 
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TABLE 3 

Evaluation of sample variablility 

No. of tests 10 
Mass of sample Ig 

AAS Sp XRF 
Sample 1301 
Mean value for % F e z 0 3 0,136 0,132 0,127 
Coefficient of variation (method) 1,0 0,7 4,4 
Coefficient of variation 

(sampling + method) 2,1 2,5 5,5 
Sample 1180 
Mean value for % F e t 0 3 0,26 
Coefficient of variation 

(sampling + method) 5,0 

confirmed *>y the small differences in mean values observed for duplicate samples taken from each of 
the ten test samples shown in Table 2. 

Because of the particle-size distribution, the use of sample portions of less than 1 g can be 
expected only to lead to a larger degree of variability. 

In the analysis of individual samples from Richards Bay (Table 2), the maximum difference 
observed between the overall means for the duplicate samples is generally within 0,02 per cent Fe 2 0 3 , 
and that between the mean values for each method is 0,015 per cent for nine out of ten samples. As 
duplicate samples would normally be analysed, these differences could be reduced to 0,01 per cent 
F e 2 0 3 for a given method and 0,014 per cent for various methods within one laboratory. The 
agreements with the recommended value for reference material BCS 388, although at a concentration 
much lower than that in the samples, is good, especially as the certifying analysts reported values only 
to the second decimal place. 
4. LEACHING TESTS 

After procedures had been established for the determination of iron in zircon, the next most 
immediate requirement was an assessment of the teachability of the iron. What was required was a 
laboratory test capable of giving reproducible values for the iron leached out. This test would then be 
correlated with pilot or plant tests and would be used as a guide to plant performance on a daily basis. 

Three procedures were initially considered for the teachability tests: agitation in the cold on a 
shaker for 3 hours with a warmed solution (60 °C) of hydrochloric acid, digestion with acid but without 
agitation by immersion in a boiling water-bath? and digestion on a hot-plate with agitation by a 
magnetic s'irrer. The last two procedures would be conducted at a temperature of 92 ± 2°C under 
reflux so that the acid concentration would be maintained. The first procedure (agitation with warm 
acid) was quickly abandoned because it was evident from the colour of the aqueous phase that the 
extraction was low with hydrochloric acid. 

Two acid media had been suggested for the leaching operation on the plant: hydrochloric acid 
(200 g/1) and sulphuric acid (300 g/1). The ratio of sample to acid chosen for the tests was 5 g of sample 
to 20 ml of acid of appropriate strength, which meant that the sample was constantly covered in the 
flasks used. 

For the water-bath test, a 50 ml flat-bottomed flask was immersed up to its neck in boiling water. 
A 250 ml flat-bottomed flask was used with the magnetic stirrer, which was a Gallenkamp model. 

The length of the stirring rod was equal to the diameter of the bottom of the flask, shorter rods tending 
to throw excessive amounts of the sample material up the walls of the flask, which were not readily 
washed down by the condensed acid fumes. Initially, the flask was heated on maximum heat setting for 
10 minutes, which was then reduced to maintain the temperature just below boiling point. The rate of 
stirring was adjusted so as not to throw the sample up the walls of the flask: the setting position varied 
between 2 and 3, depending on the position of the flask on the hot-plate. From the reproducibility of 
the data, the setting position does not appear to be critical. The condenser used was o* the helical-coil 
type, which can readily be washed. 

5 
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4.1. Analytical Procedures 
After the sample had been leached, the reflux condenser was washed with water, the solution was 

cooled and filtered through a Whatman no. 540 filter paper into a 500 ml volumetric flask containing 
25 ml of 20 per cent KNO;t solution (used as a deionizing agent for the atomic-absorption 
measurement of iron in a nitrous oxide-acetylene flame), and the acidity was adjusted to 20 per cent 
hydrochloric acid. The sulphuric acid content of the final solution — 0,6 per cent (v/v) for the 
sulphuric acid leach — was sufficiently low to be ignored. 

The solutions were measured by atomic-absorption spectrophotometry relative to standards 
matched with respect to potassium nitrate and hydrochloric acid. The head samples and leach residues 
were analysed for iron by use of the atomic-absorption procedure given in the Appendix. 

4.2. Results of Leaching Tests 
As it was expected that the highest precision for the extractability of iron would be obtained after 

maximum extraction, three tests were conducted on the extraction kinetics for the two acid media. 
The results are given in Table 4. 

The iron was most rapidly leached by hydrochloric acid with agitation, although the final amount 
extracted is largely independent of acid medium and agitation provided that a suitable adjustment is 
made to the time factor: 3 hours on the water-bath as against '/2 to 1 hour with agitation. 

The reproducibility of the leaching tests under different conditions is given in Table 5. The 
coefficient of variation of the piocedures varies between 1,8 and 2,8. The values for the iron leached 
from samples of low and high iron content (Table 6) are similar and consistent with the maximum 
extraction obtained in the extraction tests (Tables 4 and 5). 

TABLE 4 

Extraction kinetics 

Sample 1101 (0,123 % Fe 20 3) 
Amount of solid 5 g 
Amount of acid 20 ml 

Acid medium Leaching method 

Fe leached as Fe2Os, % 

Acid medium Leaching method V*h Vih 3Ah lh 2h 3h 

HCl,200g/l 

H2S04, 300 g/l 

Water-bath 
Stirrer 
Water-bath 
Stirrer 

0,086 

0,077 

0,059 
0,094 

0,094 

0,097 

0,095 

0,090 
0,099 

0,096 

0,096 0,100 

0,106 

TABLE 5 

Reproducibility of leaching tests 

Sample 1101 (0,123 % Fe2(>,) 
No. of tests 6 

Acid medium Leaching method 
Range of 

extraction, % 
Mean 

% (T C o f V 

HCI 200 g/l 

H,S(),30<li; 1 

Water-bath. 3 h 
Stirrer, 1 h 

W;iter bath ' h 
S n i c i . 1 h 

0.096 to 0,100 
0,093 to 0,099 
0.100 to 0.109 
0,(l9f) to IM02 

0,098 
0,096 
0.106 
0.100 

0.0014 
0.0021 
0,003! 
0.0023 

1,8 

:.s 
2.3 
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The mass balances calculated (Table 6) show that only 25 to 45 mg of material was lost in the 
teachability tests, of which an estimated 5 to lOmg represents materia) retained on the filter paper 
after drying. These mass balances serve to verify the validity of the procedure used for the 
determination of iron in the head sample in that virtually only iron is present in the leach liquor and 
can be determined direct by reference to solutions of pure iron without possible bias from the presence 
of other elements. In samples 1101,1201, and 1301, the iron in the leach liquor represents the bulk of 
the iron in the original sample, so that a correct mass balance for iron, as has been obtained, supports 
the value given for the head sample. 

TABLE 6 

Mass balances for leaching tests 

Acid 
leach 

Head 
sample 

(1) 

¥efi3 

% 

Fe as Fe,Os. % 

Diff. 
M2+3) 

Mass of residue as 
% of original material 

Acid 
leach 

Head 
sample 

(1) 

¥efi3 

% 
Leach 
liquor 

(2) 

Residue 
(3) 

Diff. 
M2+3) 

Mass of residue as 
% of original material 

HC1 
200 g/1 

H,S0 4 

300 g/1 

1101 
1201 
1301 
1101 
1180 

0,123 
0,127 
0,142 
0,123 
0,273 

0,094 
0,102 
0,122 
0,116 
0,104 

0,031 
0,031 
0,034 
0,017 
0,143 

+0,002 
f 0,006 
+0,014 
+0,010 
-*0,026 

99,2 
99,4 
99,1 
99,3 
99,5 

5. DISCUSSION 
It is evident from the results presented in Table 7 that the values obtained in this investigation are 

generally the lowest. In support of these values, the following points should be noted. In the system of 
analysis adopted, there are three factors that could contribute to a low bias: loss of iron to the 
zirconium crucible, loss of iron in the separation step, and bias in the method of measurement. The 

TABLE 7 

Inter-laboratory analytical values for iron in beach sands 

Lot no. Sample no. 

Fe,0 3, % 

Lot no. Sample no. 

NIM 

AAS 

Lab A LabB 

XRF 

LabC 

Lot no. Sample no. 

NIM 

AAS AAS/1 AAS/2 

LabB 

XRF 

LabC 

lloi iiff/W 0,i4 0,14 0,15 0,31 C,14 
1001 1178/75 0,13 0,17 - 0,19 0,13 
601 1179/75 0,16 0,22 0,18 0,30 0,17 

1101 1180/75 0,26 0,32 0,26 0,35 0,26 
1301 1181/75 0,16 0,20 0,15 0,25 0,16 
1201A 1532/75 0,14 0,20 - 0,15 0,19 
1101A 1533/75 0,23 0,34 0,26 0,22 0,27 
1001A 1534/75 0,15 0,23 - 0,11 0,17 
1401A 1535/75 0,14 0,17 - 0,20 -
1301A 1536/75 0,13 0,20 0,15 0,10 0,19 

AAS/1 Fusion with sodium peroxide in a zirconium crucible 
AAS/2 ' Fusion with sodium ca bonate and boric acid in platinum crucibles 
XRF Pressed-pellet techniq-
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recovery tests in which aliquot portions of an iron solution were evaporated to dryness before the 
addition of sample and flux showed no loss of iron, thus eliminating the first two possibilities. The lack 
of bias between the three methods of measurement on aliquot portions taken from the same solution 
effectively removes the last possibility. 

A comparison of the results obtained by the four laboratories associated with the project (Table 
7) suggests that uncertainties both in the methods of analysis and in the origin of the samples, i.e.. 
whether they were taken from the same prepared fraction of a large sample (designated LOT) 01 from 
fractions taken at different times or even from different LOT samples from a bulk-prepared product, 
can be held to account for the variability in results. 

In the determination of iron in the leaching tests, where the concentration may be as low as 0,015 
per cent Fe_.0:1, the value of the blank solution assumes a great importance in that it is of the same 
order of concentration as the sample solution. For a satisfactory result, a different fusion should be 
used, e.g., lithium metaborate, sodium carbonate-tetraborate, or boric acid, all of which have much 
lower iron contents — 0,0005 per cent or less as against 0,002 per cent for sodium peroxide. Similar 
masses of these materials are required for the fusion. The question is whether platinrm crucibles, 
which car. be subject to contamination by iron, should be used, or whether the fusion should be carried 
out in graphite crucibles. Alternatively, the best approach may be that involving X-ray fluorescence of 
a pressed disc, in which virtually no pretreatment is needed and little or no contamination occurs, but 
in which there is a possibility of mineralogical effects. These questions form the subject of further 
investigation. 

The time required for the analysis of a batch of 12 to 15 samples is approximately 1 '/2 man days 
for all three methods if the separation step is included. This can be reduced to less than 1 man day 
without the separation step for the X-ray-fluorescence procedure and for the emission-spectrographic 
procedure using the induction-coupled plasma torch and photographic measurement. With a 
direct-reading instrument, the time for a batch of samples would be approximately 4 hours and Vi to 1 
hour for an individual determination. In the other procedures, a small batch of 3 to 5 samples could be 
dealt with in Vi man day. 

Because of the speed of sample dissolution and the speed of measurement for the 
X-ray-fluorescence and the tentative spectrographs methods, these two procedures appear to be the 
most suitable for laboratory-control purposes. However, until more data become available on the 
emission-spectrographic method using the induction-coupled plasma torch and a direct reader, 
atomic-absorption spectrophotometry will remain the umpire procedure for the determination of iron 
in zircon over the range 0,05 to 0,20 per cent. 

In the leaching tests, essentially the same amount of iron was leached out irrespective of the iron 
content of the head sample, and, as the samples were of similar size, this suggests that only a surface 
coating of iron oxide is being removed. A quantitative electron-microprobe analysis of a zircon sand 
carried out at McGill University indicated that the FeO content of clinopyroxene was some 6 per cent, 
and that the concentration of clinopyroxene in the zircon sand as estimated was 2 per cent. The 
contribution of Fe as Fe 2O s from this source would represent 0,17 per cent, which is close to the 
residual amount found in the high-iron sample (1180) in this work. 

The residual FeX>:, in the low-iron zircons was 0,05 7 after a sulphuric acid leach. Provided that 
the plant process finally adopted is as effective in leaching iron as was the laboratory procedure, the 
high iron-bearing material from Richards Bay could be blended with material containing less iron. 
From samples examined previously, the material low in iron appears to be more common in the 
Richards Bay deposit. 

Should the plant process attack the iron present in the detrital minerals, difficulty can be expected 
in the correlation of the laboratory tests with plant performance. 

6. CONCLUSIONS 
It has been shown that consistent results can be obtained for iron (0,05 to 0.20 per cent) in zircon 

beach sands by three different procedures, and that these methods are without bias. The source of the 
variability found in analytical results for zircon lies both in the uncertainty of the methods of analysis 
and in the uncertain history of the samples submitted for analysis to different laboratories. Variability 
arising from sampling within a laboratory of an unground sample is relatively small, providing that the 
samples have a mass of at least I g. 

Atomic-absorption spectrophotometry is the preferred method for umpire analysis, althcuuh this 
could ultimately be replaced with a more rapid direct-reading cmissinn-spcctro^iiphic procedure 
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Further work is required on the establishment of satisfactory procedures for iron contents below 
0,05 per cent. 

A laboratory leaching test using hydrochloric or sulphuric acid gives highly reproducible 
extraction results and appears to extract only the surface coating of iron. 
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APPENDIX 

THE DETERMINATION OF IRON IN ZIRCONIUM (LABORATORY METHOD NO. 26/33) 
1. OUTLINE OF METHOD 

After being fused with a mixture of sodium carbonate and peroxide in a zirconium crucible, the 
sample is leached with water and boiled to complete the precipitation of the zirconium and iron. The 
zirconium and iron are filtered off and redissolved. and the solution is adjusted to volume. Where it is 
not necessary to separate the sodium salts and sil.-va, as for the spectrograph or X-ray-fluorescence 
methods, the melt is leached with 50 per cent (v/v) hydrochloric acid and the solution is adjusted to 
volume. This solution is then filtered for the removal of any silica that may have precipitated. 

Iron in the solution is measured spectrophotometrically by use of 1,10-phenanthroline', by 
atomic-absorption spectrophotometry using a nitrous oxide-acetylene flame, or by 
X-ray-fluorescence with a single reference solution-'. 

2. APPLICATION 
Because of a significant amount of iron in the sodium peroxide, the lower limit of measurement is 

0,05 per cent Fe. On a 1 g sample of unground processed material (of particle size between 60 and 100 
mesh), the coefficients of variation for the mean of duplicate measurements were found to be 2,1 and 
5,0 at concentrations of 0,13 and 0,26 per cent FeX), respectively for the atomic-absorption 
procedure, and 2,5 and 5.5 at a concentration of 0.13 per cent Fe , 0 , for the spectrophotometric and 
X-ray-fluorescence procedures respectively. 

3. SIZE OF SAMPLE 
The dilutions and aliquot portions for the various methods when a sample of 1 g is used are given 

in Table I-1. 

TABLE I ! 

Dilutions for a sample of Ig 
Volume 50 ml 

Aliquot Cell 
Method portion size Fe 

ml cm % 

Spectrophotometric 5 1 0,04 to 0.40 
2 0,02 to 0.40 
5 0,005 to 0.10 

Atomic-absorption — — 0,04 to 0.25 

X-ray-fluorescence 3 and ft — > 0.04 

4. APPARATUS 
Spectrophotometric method Zeiss wilh I or 2 cm cell 
Atomic-absorption method Varian Techtron AA4 model 
X-ray-lluoresccnce method Philips 1540 manual spectrometer 
Zirconium crucibles 40 ml capacity 
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5. REAGENTS 
5.1. Dissolution of the Sample 

(1) Sodium Peroxide 
Coarse granular Merck reagent (Fe content < 0,002 per cent). 

(2) Sodium Carbonate 
A.R. grade, anhydrous. 

(3) Hydrochloric Acid 
50 per cent (v/v). 

5.2. Spectrophotometric Measurement of Iron 
(1) 1,10-Pkenantkroline Solution, 0,2 per cent 

Dissolve 1 g of reagent (hydrate form) in a small amount of ethyl alcohol. Dilute with water 
to 500 ml. 

(2) Hydroxylamine Hydrochloride, 1 per cent solution 
Dissolve 1 g of reagent in 100 ml of water. Prepare afresh every week. 

(3) Sodium Acetate-Acetic Acid Buffer 
Dissolve 272 g of sodium acetate trihydrate in about 500 ml of water, add 240 ml of glacial 
acetic acid, cool, and dilute with water to 1 litre. 

(4) Sodium Hydroxide 
A.R. grade, 1 per cent solution. 

(5) Hydrochloric Acid (sp.gr. 1,19) 
A.R. grade. 

(6) EOT A, 0,1 M solution 
Dissolve 186g of reagent in water, and make up to 500 ml with water. 

(7) Iron Standard Solution 
Dissolve l,000g of pure-iron wire (99,9 per cent) in 20 ml of concentrated hydrochloric 
acid. Transfer the solution to a 250 ml volumetric flask, and make up to volume with water. 
1 ml = 4 mg of Fe. 

(8) Iron Working Solution 
Transfer 5 ml of the iron standard solution to a 1-litre volumetric flask, add 20 ml of 
concentrated hydrochloric acid, and dilute with water. 
1 ml = 0,02 mg of Fe. 

(?) Ammonium Hydroxide Solution, 2 to I 
Add 100 ml of ammonium hydroxide (sp.gr. 0,91) to 50 ml of water, and mix. 

5.3. AtomlCHfesorptkMi-spectreprttteffletric Measurement 
(1) Potassium Nitrate Solution, 25 per cent (m/v) 

Dissolve 25 g of A.R.-grade potassium nitrate in 100 ml of water. 
(2) Stock Iron Solution 

Prepare as for (7) of Section 5.2. 
(3) Iron Working Solution 

Transfer 5 ml of iron stock solution to a 200 ml volumetric flask, add 40 ml of concentrated 
hydrochloric acid, and dilute to volume with water, 
lml * 100/igof Fe. 

(4) Zirconium Oxychloride 
ZrOCl z8H20 Merck reagent. 

5.4. X-ray-fluorescence Measurement 
Iron Reference Solution, 4mglml. 
Prepare as for (7) of Section 5.2. 

6. PROCEDURE 
6.1. Dissolution of Sample 

a. Accurately weigh out 1 g of unground processed material into a zirconium crucible. Add 8 g 
of sodium peroxide and 2 g of sodium carbonate, and fuse at a dull-red heat until a clear 
smooth melt is obtained. A fusion blank must be prepared as follows and carried through the 
procedure: to a zirconium crucible, add 1,73 g of zirconium oxychloride, 8g of sodium 
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peroxide, and 2 g of sodium carbonate, and fuse. 
b. Transfer the crucible on its side to a 600 ml Pyrex beaker, and add sufficient water to cover 

the crucible. Insert a boiling-rod into the crucible to prevent it from becoming upright. Cover 
the beaker with a watch-glass, and boil until the evolution of oxygen has ceased. 

c. Remove the crucible with the boiling-rod, and thoroughly wash first the outside and then the 
inside. 

d. Filter the precipitated zirconium and iron through a Buchner funnel, using a double layer of 
Whatman no. 541 filter paper. Use suction. Wash three or four times with 1 per cent sodium 
hydroxide solution, and then three or four times with water. 

e. Warm 20 ml of 50 per cent hydrochloric acid. Carefully remove the filter paper, and dissolve 
off the bulk of the residue using 18 to 19 ml of the warm 50 per cent hydrochloric acid. 

f. Then separate the filter paper onto the sides of the beaker, spot with the remainder of the 
warm hydrochloric acid, and thoroughly wash with water. Discard the filter papers. 

g. Evaporate the resulting solution to 20 ml (Note 1). Add 2 ml of potassium nitrate solution 
(250g/1) and adjust to 50 ml with water. 

The solution is now ready for analysis by atomic-absorption spectrophotometry. X-ray-
fluorescence spectrometry, or spectrophotometry. If only X-ray fluorescence is to be used, the fusion 
procedure described in step a is followed by dissolution of the melt with 50 per cent hydrochloric acid. 
Adjust the resulting solution to a volume of 50 ml and filter through a Whatman no. 541 filter paper 
for the removal of any silica. 

6.2. Spectrophotometric Measurement 
a. Transfer the required aliquot portion (see Section 3) to a 125 ml tall-form beaker previously 

marked at the 50 ml level. Add 8 ml of concentrated hydrochloric acid (Note 2). dilute with 
water to 50 ml, insert a thin boiling-rod. and cover with a watch-glass. Bring to the boil, and 
keep boiling for exactly 15 minutes. 

b. Remove from the hot-plate and immediately add 10 ml of 0,1 M EDTA solution, followed by 
2 ml of 1 per cent hydroxylamine hydrochloride solution, mixing the solution after each 
addition. Cool in water to room temperature. 

c. After about 20 minutes, rinse the watch-glass with a small amount of water, leaving the 
boiling-rod in the solution. Add 10ml of 1,10-phenanthroline solution and mix. 

d. Adjust the pH value of the solution by adding 10 ml of diluted ammonium hydroxide (2 to 1). 
followed by additional small increments until the red colour developed reaches its maximum 
intensity. Test a drop of the solution with a pH-paper. The pH value should be about 9. 

e. Add 10 ml of the buffer solution and mix. 
f. Rinse the boiling-rod, and transfer the solution to a 100 ml volumetric flask. Make up to 

volume and mix. 
g. After one hour, measure the absorbance at 510 nm against a corresponding blank (the same 

dilution and the same aliquot portion), using an appropriate cell as specified in Section 3. 
From a calibration graph, determine the concentration of iron in the aliquot portion taken. 

6.3. Calibration 
Transfer suitable portions of the diluted standard iron solution to 100 ml volumetric flasks, add 

2 ml of 1 per cent hydroxylamine hydrochloride, mix, and leave standing for about 20 minutes. Add 
10 ml of 1,10-phenanthroline solution and adjust the pH value by adding dilute ammonium hydroxide 
(2 to 1) drop by drop until the red colour developed reaches its maximum intensity. Test a drop of the 
solution with a pH-paper. The pH value should be about 9. Add 10 ml of the buffer solution, make up 
to volume, and mix. Prepare a reagent blank for the calibration. Plot a calibration graph showing 
absorbance against micrograms of iron. 

6.4. Atomic-absorption Procedure 
6.4.1. Calibration Standards 

To each of seven 50 ml volumetric flasks, add 1,73 g of zirconium oxychloridc followed by 0 ml. 
2,5 ml, 5 ml, 10 ml, 15 ml, 20ml, and 25 ml of iron working solution (Section 5.3.3). Add 2 ml of 
potassium nitrate solution (250 g/l) and adjust the volume to 50 ml with 20 per ecu t (v/v) hydrochloric-
acid. The amounts of iron in the calibration standards are 0. 250. 500. 1000. 1500. 2000. and 2500 
micrograms respectively. 
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6.4.2. Measurement 
Measure the sample solutions and standards twice, using the instrumental parameters given in 

Table 1-2. Plot a calibration curve of absorbance versus concentration, and calculate the concentra
tion of iron in the sample. 

TABLE 1-2 

Instrumental parameters for atomic-absorption measurement 

Wavelength 248,3 nm 
Lamp current 5 mA 
Slit width 50/xm 
Flame N 2 0 - Q H 2 (lean) 
Recorder Corning 840 
Recorder speed 4 cm/min 
Recorder scale expansion 2x 

In this instance, a recorder was used for recording the peak heights, the error in peak-height 
measurement for a 4 cm peak (equivalent to 0,1 per cent Fe) being approximately 1 per cent. 
Integration of the signal is just as effective as recording. The flame conditions were optimized for 
maximum sensitivity. 

6.5. X-ray-fluorescence Measurement 
a. Transfer 6 ml of solution to a container that has a Mylar window as its bottom face. Using the 

operating conditions listed in Table 1-3, count this solution three times at both the Fe K« 
angle and at the background angle. Average the counts. 

b. To another 3 ml of solution, add an equal volume of iron reference solution and repeat the 
above counts. 

c. Finally, transfer 6 ml of reference solution to a container and count as above. 

TABLE 1-3 

Operating parameters for Philips 1540 X-ray 
spectrometer 

Tube Gold 
Collimator Coarse 
Bragg crystal LiF (100) 
Detector Scintillation counter 
Attentuation 3 
Pulse-height selection Yes (95 % of pulse) 
Analytical line FeKa, 57, 52°20 
Background angle 60.50 "20 
Counting time 20 s 

6.5.7. Operating Parameters 
The operating parameters are given in Table 1-3. 

6.5.2. Calculation 
Calculate the iron content according to the following: 

Fe ,0... 7r = ^— {h^Jj<A. L. 1 0 0 . | ,43 

where W„ = mass per unit volume of pure element in standard solution, 
W, = mass per unit volume of sample in sample solution, 
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l„ = net intensity of standard solution, 
lRS = net intensity of standard and sample mixture, 
/ s = net intensity of sample solution. 

7. NOTES 
(1) A small residue indicates hydrolysed titanium. This residue can be taken into solution, after 

the solution has been evaporated to incipient dryness, by dissolution with concentrated 
hydrochloric acid. 

(2) The depolymerization of zirconium is carried out in a SO ml volume of 2,5N hydrochloric 
acid, i.e., 10,7 ml of 37 per cent hydrochloric acid (sp.gr. l,19)uiluted to 50 ml with water. 
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