
Introduction

Zirconium alloys are extensively used in the
nuclear industry as cladding material for
nuclear fuel, mainly due to their high
mechanical strength, resistance to corrosion at
high temperatures, and its low thermal
neutron capture cross-section of 0.18 barns.
Other uses of zirconium metal include
catalysis, optical glasses, ceramics,
metallurgical furnaces, surgical appliances,
and explosive primers. The element occurs
widely in the lithosphere (0.02 per cent), with
approximately 0.026 μg/l in sea water and 
130 mg/kg within the Earth's crust1, and is
present in more than 140 recognized mineral
species including kosnarite, zircon (ZrSiO4)
and baddeleyite (ZrO2)2. The latter was histor-
ically the main feedstock for Zr, but this
mineral is virtually unobtainable and is
currently produced by only one mine in
Russia. The depletion of this natural source 

of Zr forced the industry to shift to zircon,
with a ZrO2 content of approximately 64 per
cent, as main source of zirconium. The
development of the Richards Bay beach sands
operation in the late 1970s, startup of the
Namakwa Sands mine in 1995, and the
commencement of operations by Ticor in 2001,
shifted global zircon production heavily
towards South Africa as a major worldwide
zircon producer. Currently South Africa and
Australia account for approximately 66 per
cent of total supply, with Indonesia and the
USA accounting for much of the rest.

Zircon (ZrSiO4), however, is notorious for
its chemical inertness and can be dissolved
only by using drastic chemical and physical
procedures. These processes include fusion
with carbon in a transfered-arc plasma furnace
at 2 000°C3, carbochlorination at elevated
temperatures4, zircon cracking with alkalis at
600°C and higher5, as well as wet chemical
treatment with HF6. A novel process to
overcome problems with the refining of zircon
such as re-contamination and large waste
volumes was developed by Necsa with the
introduction of a thermal non-transfered-arc
plasma process followed by HF treatment7. It is
believed that the zircon is melted at the high
temperature of the plasma and subsequently
moves to a sequencing zone which solidifies
the ZrO2 as sub-micrometre monoclinic
crystallites in an amorphous SiO2 glass.
Research indicates that the microstructure of
plasma-dissociated zircon (PDZ, indicated as
ZrO2.SiO2) is greatly influenced by cooling rate
after melting8,9,10.   
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This PDZ is much more reactive, and more easily purified
and the converse to different salts using chemical
techniques7.  Results also indicated that the plasma treatment
of the zircon changed its physical properties, but not its
chemical composition. Analysis of both zircon and PDZ by X-
ray flourescence (XRF) indicated an identical chemical
composition of the zircon before and after treatment with the
plasma, for 11 elements that were analysed11.  

Increasing demand for high-purity zirconia (99.9 per cent
ZrO2 or better) particularly for use in the production of
partially stabilised zirconia (PSZ) ceramics, for various
electronic applications, as well for use in the nuclear industry
necessitates the quantification of these impurities at parts-
per-billion (ppb) scale. Hafnium is the main impurity present
in most zircon deposits at levels ranging between 1 and 3 per
cent12. Some grades of zircon also contain up to 0.10 per cent
TiO2 and 0.05 per cent Fe2O3, and impurities limit its high-
temperature applications13. Successful separation processes
for Zr and Hf include liquid-liquid separation using methyl
isobutyl ketone/NH4SCN14 or tributyl phosphate15, selective
crystallization of K2ZrF6 and K2HfF616, anion exchange with
Aliquot 336 and toluene17, and sublimation of ZrF4/HfF418.

The detection and quantification of impurities in zircon
and the subsequent beneficiation of zirconium in the
different separation steps is essential to ensure the quality of
the final product. Spectrophotometric methods19 for the
quantification of zirconium have been obtained with a variety
of chemical reagents such as Arsenazo III, phenyl fluorone,
xylenol orange and 3-hydroxy-2-(2’-thienyl)-4H-chromon-
4-one, as well as with the use of electrothermal vaporization
in a graphite furnace and atomic absorption spectroscopy
(GFAAS)20. The use of GFAAS allows for the determination
of impurities that may be present in high-purity materials,
usually without the need for further treatment as no
colouring reagents are required. Similarly inductively coupled
plasma—optical emission spectrometry (ICP-OES) has been
employed to determine the trace impurities present in
zirconia21, while X-ray flourescence (XRF) has been used to
compare the chemical composition of PDZ11 and untreated
zircon. There are, however, no published methods for the
determination of both major and minor components in a
zircon matrix.

One of the biggest challenges to the wet chemical analysis
of zircon is its encapsulation in the silica glass, which is
extremely resistant to chemical attack. The most effective
method of zircon dissolution is the use of hydrofluoric acid22

due to its well-known ability to react with SiO2, which is also
part of the zircon matrix. This method, however, is
hazardous due to the inherent dangers of hydrofluoric acid23

as well as its ability to damage glass components in
spectrometers such as ICP’s. 

Owing  to the hazardous and environmentally unfriendly
nature of HF, as well as the fact that it reacts with the glass
components of the equipment such as the ICP, it was decided
to try and develop an alternative digestion method. Both
flux-fusion and microwave assisted acid extraction were

investigated as alternative digestion methods for both
naturally occurring zircon as well as PDZ.  It was also the aim
to try and develop a one-step wet analytical procedure for the
quantification of the majority of elements, major and minor,
present in zircon ore. In this respect is was decided to use
ICP-OES as the analytical method due to its high sample
throughput rate, the need for one set of standards with
standard addition, low level of interference, extensive linear
dynamic range, and multi-element detection capability24,25.

Experimental

Instrumentation and reagents

A Shimadzu ICPS-7510 ICP-OES sequential plasma
spectrometer was used for all analytical determinations. The
conditions of the plasma in the ICP-OES instrument are given
in Table I. These conditions were maintained for all experi-
mental results reported here. Flux fusions were performed in
a high-temperature oven supplied by Labequip. An Anton
Paar Multiwave 3000 supplied by Industrial Analytical along
with two rotors, one with eight polytetrafluoraethylene
(PTFE) and the other with eight quartz sample vessels, was
used for microwave-assisted acid extractions. A Varian Cary
50 Conc UV-Visible spectrometer with quartz cuvettes (path
length: 1 cm) was used for UV-Vis analyses. Brand
Transferpette® S micro-pipettes were supplied by Sigma
Aldrich.  All element standards were supplied by Merck 
and included a 1 000 ppm Hf standard, both 1 000 ppm 
and 10 000 ppm Zr standards, a 1 000 ppm Ti standard, 
a 1 000 ppm Si standard as well as the Merck XXVI multi
standard containing 1 000 ppm each of Al, Fe, Cr, Ca, Mg, B,
Li, and several other elements not used in this study.
Spectroflux 100 containing lithium tetraborate was bought
from Johnson Matthey Materials Technology. Analytical
grade sulphuric acid 95–98 per cent A.C.S. reagent were
supplied by Sigma-Aldrichs while analytical grade 65 per cent
nitric acid and 32 per cent hydrochloric acid were provided by
Merck. The SARM 62 certified reference material was sourced
from Industrial Analytical (composition is given in Table VII),
while the PDZ was supplied by the South African Nuclear
Energy Corporation Limited (Necsa). Both of these samples
were ground to an average particle size of 5 μm for
consistency. The water used during this study was double
distilled and checked for impurities in triplicate before use in
the ICP-OES apparatus. Results obtained indicated the
absence of any significant amount of metals. Grade B
volumetric flasks and glassware were used in all cases, and
these were obtained from Merck.
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Table I

ICP-OES  conditions used in all experiments

Condition Setting

RF power (kW) 1.2
Coolant gas flow rate (l/min) 14
Plasma gas flow rate (l/min) 1.2
Carrier gas flow rate (l/min) 0.7
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The presence of the different elements in the zircon
samples was verified with a qualitative scanning program
incorporated in the ICPs software. Their presence was
monitored at each element’s most intense emission
wavelengths, and elements were considered present if they
exhibited strong emission at three of the chosen
wavelengths. Elements that did not exhibit all the charac-
teristic lines were considered to be entirely absent or below
the instrument’s limit of detection26. All ICP-OES results
given are the average of three individual replicate readings
taken sequentially. These readings were accepted only if the
standard deviation of the set was less than two orders of
magnitude smaller than the average of the readings.

Determination of detection limits

Five 100 ml samples containing 0.4, 1, 2, 5, and 10 ppm of
each element respectively, except for Zr, the concentrations
for which were 10, 20, 30, 40, and 50 ppm, were made up,
along with a blank, using 5 ml 65 per cent nitric acid as
matrix. The calibration curve was drawn and the detection
limits were calculated. Detection limits (LLOD – lower limit of
detection) for the elements that were analyzed were
determined using the equation:

 

where DL is the detection limit, SDb is the standard deviation
of 10 replicate readings of the blank solution, and m is the
gradient of the calibration curve. Quantification limits (LLOQ
– lower limit of quantification) are ten times the LLOD. 

Microwave digestion – general experimental
conditions

All reagents and the sample were placed within the reaction
vessels of the microwave heating rotor and were then tightly
sealed and subjected to a set heating programme. Unless
otherwise stated, 10 ml sulphuric acid was used as extracting
agent. Approximately 15 minutes at 1 200 W applied power
was required for the samples to reach maximum temperature.
The time that the samples were allowed to remain under full
power microwave irradiation was varied between 15 minutes
and 3 hours. Upon completion of the microwave programme
the samples were allowed to cool and then diluted with
approximately 20 ml of distilled water. These solutions were
then quantitatively transferred with filtering into 100 ml
volumetric flasks. The flasks were filled to the mark with
distilled water and shaken. The temperature was allowed to
stabilize and the flasks were again filled to the mark. All

samples were analysed using ICP-OES and an external
calibration curve that was matrix-matched as far as possible.
The external calibration curve was drawn using a minimum
of 5 standards containing between 0.4 and 20 ppm of the
elements analysed for (Zr, Hf, Si, Ti, Fe, Al). Matrix matching
was sufficient as the sample matrix was not particularly
complex. Table II shows the variables for the microwave
digestion system.

Microwave assisted acid extraction—influence of
different digestion reagents

Initial microwave dissolution experiments were conducted to
determine which conditions might prove to be most
favourable for acid dissolution. Samples of approximately
0.4 g of either SARM 62 or PDZ were accurately weighed off
and each quantitatively transferred to a different microwave
vessel. Different potential dissolution reagents, which include
a variety of acids, an alkali, and a salt21 (see Table IV) were
added to the vessels and exposed to microwave digestion to
determine their effect on these zircon-based samples. The
conditions of the experiment were 315 W for fifteen minutes,
630 W for 30 minutes using the XF-100 PTFE rotor as in the
literature21. The maximum temperature and pressure reached
by each individual sample was dependent upon which
reagents were present and the boiling points of the various
components and additives in the sample. The samples
containing water reached maximum pressure while those
without reached maximum temperature. The results for this
procedure are presented in Table IV.

Microwave digestion—influence of digestion time

The effect of time on the degree of success of the extraction
was investigated. Approximately 0.1 g of PDZ was weighed
accurately and then subjected to microwave heating with
10 ml sulphuric acid (the reagent that achieved the most
successful extraction of Zr and Hf in initial tests) at 900 W
for varying time intervals (ranging from 10 to 180 minutes).
The conditions in the reaction vessels achieved a temperature
of ca. 260°C and 8 000 kPa pressure using the XQ-80 rotor.
The heating programme used in the previous experiment was
abandoned as the extraction achieved was significantly less
than expected, probably due to the difference in sample matrix.
The results for this procedure are presented in Figure 1.

Table II

Microwave digestion system parameters

Parameter Setting

Maximum power 1200 W
Power ramp time 15 min
Time at maximum power Varied between 15 min and 3 h
Rotor used XF-100 (PTFE) or XQ-80 (Quartz)
Maximum temperature 240 ºC (XF-100) or 260 ºC (XQ-80)
Maximum pressure 6000 kPa (XF-100) or 8000 kPa (XQ-80)

Figure 1—Increase in Zr percentage extraction with increase in time
using microwave assisted acid extraction
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Microwave assisted acid extraction—influence of
sample mass to reagent volume ratio
A third set of digestion experiments was undertaken to
determine if the degree of success of the extraction was
dependent upon the ratio of sample mass to volume of
extraction media. Increasing masses of both SARM 62
reference material and PDZ were subjected to microwave
heating with 10 ml sulphuric acid (the reagent which 

achieved the most successful extraction of Zr and Hf in initial
tests) at 1 200 W microwave power for 3 hours. The
conditions in the reaction vessels achieved ca. 240°C and
6 000 kPa pressure. The previous experiment showed
evidence that extraction began only after 10 and before 20
minutes, indicating temperature dependence, thus the power
was increased to achieve that temperature faster. Results for
this procedure are presented in Table V and Figure 2.
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Table III

The most intense emission wavelengths for analysed elements

Element Line order of characteristic wavelengths

1 LLOD* (ppm) at line order 1 2 3

Zr 343.823 nm 0.000441 339.198 nm 349.621 nm

Hf 277.336 nm 0.00580 273.876 nm 264.141 nm

Al 396.153 nm 0.00284 394.403 nm 167.079 nm

Fe 259.940 nm 0.000916 239.562 nm 238.204 nm

Si 251.612 nm 0.00126 212.415 nm 288.160 nm

Ti 334.941 nm 0.0000890 336.121 nm 337.280 nm

Table IV

Results obtained for microwave assisted acid extraction using various extraction reagents

No. Sample Extraction reagents Temperature Zr % recovery Hf % recovery Al % recovery Fe % recovery

1 SARM62 *, 4 g (NH4)2SO4 240°C 4.58(2) 4.1(2) 51.04(8) 73.2(2)

2 SARM62 *, 4 g (NH4)2SO4, 140°C 2.436(8) 2.21(8) 49.8(3) 90.0(7)

10ml H2O

3 SARM62 * 240°C 6.41(2) 7.2(1) 72.5(4) 68(2)

4 PDZ *, 4 g (NH4)2SO4 240°C 1.529(4) 1.6(1) 2.88(1) 8.4(3)

5 PDZ *, 4 g (NH4)2SO4, 140°C 0.130(1) 0.12(1) 3.1(1) 8.9(2)

10 ml H2O

6 PDZ * 240°C 14.58(3) 18.3(3) 7.18(2) 15(1)

7 PDZ 2 ml conc. HNO3, l 140°C 0.0298(4) 0.3(1) 2.82(5) 8(1)

8 ml conc. HC

8 PDZ 10 ml 8M NaOH 140°C 0.196(4) 0.24(5) 18.8(4) 17(1)

*LLOQ (lowest limit of quantification) is ten times the LLOD.

*Indicates the use of 10 ml concentrated H2SO4.

Table V

Differences in percentage extraction of Al and Fe using microwave assisted acid extraction with differing ratios of 
sample mass to extraction medium for SARM62 and PDZ

No. Sample Mass sample (g) Zr % recovery Hf % recovery Al % recovery Fe % recovery

1 SARM62 0.1050 9.66(4) 10.3(1) 74.5(5) 77.9(3)

2 SARM62 0.2002 9.61(3) 10.28(3) 71.9(2) 72.8(8)

3 SARM62 0.2987 11.10(3) 11.77(4) 78.3(3) 71.56(9)

4 SARM62 0.4082 12.27(1) 11.87(5) 76.4(4) 62.5(2)

5 PDZ 0.1000 44.3(1) 49.75(7) 17.80(1) 41.3(2)

6 PDZ 0.2055 37.9(1) 48.5(2) 16.01(7) 28.1(1)

7 PDZ 0.3112 34.5(1) 45.70(4) 16.88(6) 22.9(2)

8 PDZ 0.4273 28.97(5) 40.9(2) 14.93(3) 20.9(2)



Zircon dissolution using flux-fusion method

Approximately 0.2 g of zircon (SARM 62 certified reference
material) was weighed accurately and placed in a platinum
crucible. To this was added approximately 2 g of lithium
tetraborate fluxing reagent, and the crucible was placed in
high temperature oven set to 1 100°C for at least 4 hours.
Digestion was considered complete when no solids were
visible within the transparent melt. Upon complete digestion
the platinum crucible was removed from the oven and
immediately cooled by direct contact with distilled water in a
water bath in order to crack the melt, facilitating faster
dissolution times. Table VII shows the results of 7 replicate
analyses.

Preparation of standard addition standards using
flux-fusion digested samples

The crucible was placed in a plastic container filled with
150 ml 3.25 per cent nitric acid solution and stired until
complete dissolution of the sample was achieved. This
solution was transferred quantitatively to a 200 ml glass
volumetric flask and filled to the mark with distilled water. 
5 ml 65 per cent nitric acid and 10 ml of sample solution was
added to each of five 100 ml glass volumetric flasks.
Standard solutions were added to each of these flasks to
make concentrations of 1, 2, 3, 4, and 5 ppm respectively of
Hf, Al, Si, Ti, and Fe, and volumes of Zr standard were added
to make concentrations of 10, 20, 30, 40, and 50 ppm. The
solution obtained an intense yellow colour (see Figure 3) 

after the addition of all the standards, but the yellow colour
disappeared upon the addition of water to the mark. Results
indicated (see Discussion) that the solutions required approx-
imately 12 hours to stabilize before ICP-OES analysis to
ensure adequate analytical results could be obtained. The
entire procedure was repeated seven times on seven different
days. The wavelengths used to qualify and quantify the
selected elements are given in Table III. In all cases the most
intense emission wavelength (line order 1) proved effective
in quantifying its associated element. Interferences were
checked for by qualifying at the characteristic wavelengths
(e.g. 343.823, 339.198, and 349.621 nm for Zr) of each
element using high-concentration samples of each other
element. No interferences were observed on any of the lines
shown in Table III.

Discussion 

The presence of each element specified in the SARM62
certified reference material was confirmed qualitatively (see
Table VI) using the three most intense emission wavelengths
specified in Table III for both SARM 62 and PDZ using both
digestion methods. The six analysed elements (Zr, Hf, Si, Ti,
Al, and Fe) were focused on as they were the metals present
in major and minor quantities. The certified values for each
element present in SARM 62 are given in Table VII as stated
in the SARM 62 certification documentation. The trace level
elements were present but were not quantified due to their
extremely low concentration and erratic instrument response. 
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Figure 2—Change in percentage extraction, using microwave digestion, of Zr and Hf with increasing sample mass of PDZ and SARM 62 to extraction
medium ratio

Figure 3—UV-Vis spectrum of yellow coloured solution obtained in standard addition method – 5 ml HNO3, 10 ppm Zr, Hf, Merck XVI multi-standard, 4, 8,
16, 32, 64, 128, and 256X diluted. Arrow indicates decreasing peak intensity at 302 nm with dilution
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As seen in Table III, excellent detection limits were
achieved for the elements under scrutiny. Quantification
limits were between 0.89 ppb (Ti) and 57.98 ppb (Hf) for the
different elements present in the matrix of these materials.
The presence of Zr, the primary metal of interest, can be
quantified at levels as low as 4.4 ppb. This is comparable to
or better than known quantification limits, these being
approximately 71 ppb26 and between 9 and 3 ppb (read
radially and axially), respectively27. 

Microwave assisted acid extraction of the zirconia in PDZ
proved to be significantly less successful than claimed in the
literature21. (NH4)2SO4 was tested as an additive, as this salt
was shown to significantly improve zirconia decomposition in
the literature. The conditions used in the preliminary
microwave extraction (Table IV) were chosen as they
reflected the optimum conditions for extraction as obtained
from the literature. The most successful extraction achieved
only 44.3(1) per cent for Zr and 49.75(7) per cent for Hf
from PDZ (see Table V). Only extraction solutions containing
concentrated H2SO4 were able to achieve even moderate
success in this regard, with NaOH and aqua regia achieving
only 0.196(4) and 0.0298(4) per cent extraction of Zr respec-
tively, again from PDZ. The most successful extraction from
on the normal zircon sample, again using H2SO4, was only
6.41(2) and 7.2(1) per cent respectively for Zr and Hf (see
Table V), showing the PDZ to be more chemically amenable
to acid extraction by pure concentrated H2SO4. SARM 62,
however, showed higher extraction than the PDZ when using
the (NH4)2SO4 salt reagent, with recoveries (for Zr and Hf
respectively) of 4.58(2) and 4.1(2) per cent for zircon as
opposed to 1.529(4) and 1.6(1) per cent for PDZ. The
extraction of Fe and Al also appeared to be more successful
from the zircon sample than from the PDZ (see Table V). A
possible explanation for this is that the Al and Fe are simply
adsorbed onto the surface of the crystal matrix of the zircon,
while being included into the body of the amorphous silica
and crystalline zirconia found in the PDZ, due to the plasma
dissociation process itself.

Figure 1 shows the relationship between percentage
extraction of zirconium for PDZ and the amount of time each
sample was subjected to microwave radiation. Almost no
extraction is observed before 10 minutes of heating,
indicating that extraction does not occur before a specific
threshold temperature, pressure or both. After 20 minutes the
extraction proceeds quickly and increased almost linearly up
to approximately 40 minutes, after which the rate appears to
begin to decrease. Extrapolation of the curve indicated that, if
the trend was followed, maximum extraction would reach
roughly 53 per cent at approximately 300 minutes. 180
minutes and 44.4(1) per cent was chosen as a good middle
ground for further experimental work, as longer times in the
microwave have been known to cause damage to the rotor
and sample vessels.

As can be seen in Figure 2, the smaller the quantity of
sample the higher the degree of extraction of Zr and Hf from
PDZ, with significantly better extraction being achieved from
the PDZ than from SARM 62 using microwave assisted acid
extraction with pure concentrated H2SO4. This can be
attributed to the greater amenability of the zirconia in the
PDZ to this type of acid dissolution, as opposed to the zircon
in SARM 62. Figure 2 shows a linear relationship between

sample mass and percentage recovery when samples are
subjected to microwave assisted sulphuric acid extraction
under identical conditions. The negative slope of the PDZ
recovery trends may indicate that the sulphuric acid has a
decreasing ability to dissolve Zr and Hf as the concentrations
of each of these elements increases in solution. 

It was concluded that at this time, microwave assisted
acid extraction would not be effective for quantitative
analysis of zircon or PDZ, although it may prove to be the
basis for an effective extraction and purification procedure.
Sulphuric acid, while not the safest acid to work with, is
significantly less hazardous than hydrofluoric acid and a
method using it would be extremely beneficial. Between
49.4(1) and 90.0(7) per cent of Al and Fe were extracted
from the zircon sample with minimal extraction of Zr and Hf
using various combinations of sulphuric acid, ammonium
sulphate, and water, as seen in Table IV. Further investi-
gation into this possibility may be warranted.

The use of a lithium tetraborate flux-fusion on PDZ and
SARM 62 certified reference material succeeded in the total
dissolution of both samples, these being representative of the
raw material and first-stage refining product respectively in
the prospective production process of high-purity zirconium
metal. A standard addition method was successfully
employed to determine the majority of the elements present
in the certified reference material (SARM 62) and PDZ after
fusion (see Tables VI and VII). The flux was analysed for
possible interfering contaminations, but concentrations of all
elements of interest (Zr, Hf, Al, Fe) were below the limit of
detection, even at concentrations of lithium tetraborate far
higher than in the samples.

The yellow colour observed during the preparation of the
standard addition samples was observed only when the
primary standard solutions were dissolved in concentrated 
acid. The colour disappeared almost immediately upon
dilution beyond a factor of 4. In Figure 3, the sample was
diluted 1:3 with distilled water in order to obtain a well-
defined peak. Lower dilution factors resulted in a peak that
was too intense and thus over-ranged the UV-Vis instrument,
while a greater dilution factor resulted in no peak
whatsoever. The colour is possibly a result of the high
concentration of transition metals dissolved in concentrated
acid forming coloured complexes that dissociate upon
dilution. Initially flux-fusion samples were analysed
immediately upon dissolution, resulting in a standard addition
curve with R2 values of approximately 0.5, which indicates
an almost complete lack of linearity. It was discovered that
leaving the solutions to stabilize overnight resulted in signifi-
cantly improved results, with R2 values of better than 0.999,
which satisfies the requirement of at least 0.997 for linearity.
This may be due to the formation of refractory complexes at
high reagent concentration, which then take time to
dissociate. Another possibility is the presence of slight thermal
differences in the samples arising during dilution with acid,
which cause differences in viscosity when the samples enter
the spray chamber of the ICP-OES. Results for this method
over 7 replicate analyses are given in Table VII.

The 95 per cent confidence interval given for the SARM
62 certified reference material displayed a relative margin of
error of approximately 4–6 per cent for the major components
(Zr, Si) and 20–30 per cent for the minor components (Hf, Ti,
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Fe, Al). It was decided that quantitative results within these
ranges would be acceptable in confirming the accuracy of the
method.

The method shows a high degree of linearity in its
calibration curves (R2 values better than 0.999 in all cases)
as well as an acceptable level of precision for most elements,
considering the matrix involved. Acceptable accuracy was
obtained for zirconium (66(6) per cent), hafnium (1.7(1) per
cent), and titanium (0.15(1) per cent) with these results
being within the ranges set out in the objectives. Other
elements show lower levels of accuracy, especially for silicon,
which was outside the 4–6 per cent acceptable range of error,
which illustrates the difficulty of analysing zirconium silicate
samples. Similar results were achieved for the PDZ samples,
but with significantly more accurate recoveries for silicon
(27(1) per cent). The differences between the results for the
minor constituents, such as aluminium and iron, for SARM
62 and PDZ are likely due to their being sourced from
different locations. The apparently large recovery errors seen
in the minor elements are deceptive, as the actual error is in
fact quite small and appears large only in comparison to the
very low concentrations of these elements.

Conclusion
Of the two digestion procedures attempted, the more

successful is obviously the flux-fusion method due to its
ability to completely dissolve the zircon and PDZ matrix
without subsequent precipitation of Si as is the case with
other alkali fluxes. The disadvantage of this method is the
massive contamination of the sample with Li and B, making
analysis for these elements impossible and necessitating the
use of a standard addition technique for other elements. The
accuracy of the results obtained for Zr, Hf, Al, and Ti fell
within the acceptable range laid out before commencement of
the investigation. However ,the level of precision observed
necessitates a large number of repeated measurements,
which is less than ideal and warrants further refinement. Si
and Fe recoveries lie outside the acceptable accuracy range,
and the high relative standard deviations observed indicate
the possibility of sample contamination, despite our efforts to
avoid this. Non-homogeneity of the samples is unlikely as
they were ground to less than 5 μm average particle size and
mixed thoroughly.

The microwave assisted acid extraction was significantly
less successful in providing a quantitative analytical method.
This is likely due to the complete insolubility of silica and
zircon (silica matrix) in all reagents apart from hydrofluoric
acid. However, the high degree of extraction of Fe and Al
from the zircon sample as well as the significant recovery of
Zr and Hf from PDZ may indicate a possible use in purifi-
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Table VII

Results of flux-fusion analysis of SARM 62 and PDZ

Component SARM 62 certified value (mass %) SARM 62 result (mass %) PDZ result (mass %)

ZrO2 64.2 66(6) 65(6)

SiO2 32.8 44(12) 27(1)

HfO2 1.31 1.7(1) 1.61(5)

TiO2 0.13 0.15(1) 0.41(2)

Al2O3 0.88 1.4(1) 0.60(4)

Fe2O3 0.07 0.14(5) 0.6(1)

Table VI

Qualitative results for SARM62 and PDZ using flux-fusion digestion and microwave assisted acid extraction 
methods
Constituent Present in

SARM62 (flux-fusion) PDZ (flux-fusion) SARM62 PDZ  
(Microwave assisted (Microwave assisted

acid extraction) acid extraction)

ZrO2 Yes Yes Yes Yes

SiO2 Yes Yes Yes Yes

HfO2 Yes Yes Yes Yes

TiO2 Yes Yes Yes Yes

Al2O3 Yes Yes Yes Yes

Fe2O3 Yes Yes Yes Yes

P2O5 Yes Yes Yes Yes

CaO uncertified Yes Yes Yes Yes

MgO uncertified Yes Yes Yes Yes

U3O8 (mg.kg-1) Yes Yes Yes Yes

ThO2 (mg.kg-1) Yes Yes Yes Yes

Cr (mg.kg-1) Yes Yes Yes Yes



Alternative dissolution of zircon samples

cation of zirconium, with an initial acid extraction step to
remove the majority of the impurities before plasma
dissociation, followed by a second extraction to remove the
bulk of the Zr and Hf content from the PDZ.
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