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Abstract: Composition of ilmenite ore was determined quantitatively by EDXRF
spectrometry. Standard materials used to construct the calibration graph when
prepared simply by mixing the oxides of the appropriate analyte with binder ,
usually a starch , would give high base line appearance ,a hump, in the spectrum.
The hump base line arises due to high background signal which in turn results
from extensive scattering phenomena , especially that of the incoherent (Compton)
scattering. In contrast , the ore specimen shows only minor incoherent scattering.
In this case the base lines of the standard and the ore specimens are quite different.
However , the base line of the standard can be made lower and flat similar to that
appears in the ore specimen by adding certain amounts of the major elements (as
oxides) into the standards. In this way , the matrices of the standards can be said to
be similar to the matrices of the ore specimen.
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INTRODUCTION

Base lines in the EDXRF spectra result from the background signals that occur during
the spectra acquisition. Sources of this background signal can come from many ways : (i) the
elastic and inelastic scattering of Bremsstrahlung (continuous) and characteristic x-rays from
the anode by specimens , (ii ) the scattering of the two x-rays as in (i ) but by various parts
of the spectrometer such as the specimen compartment, (iii ) the Compton back scattering
of x-rays from the Si crystal of the Si(Li) detector [1a, 2a] . Among these the most important
is by category (i), i.e. , scattering by specimens. If the matrix of specimen is composed of



low Z elements and is considerably thick the incoherent (Compton) scattering of both
Bremsstrahlung and characteristic x-rays can be pronounced and appears as high background
at every value of energy [2b] and as scatter peaks.

The large humpy base line would dominate the entire spectrum and overwhelm the
analyte spectral lines. If a spectral line locates on the shoulder of the hump reading of the
peak intensity will be less accurate to a certain extent as compared to the straight flat base
line. Furthermore , in dealing with trace elements the lower limit of detection of trace
elements in the specimens are proportional to the square root of background count , e.g. ,
three times of square root of background [3,9,10] . All these problems lead to the suggestion
that the background should be made as low as possible [2b] .

The composition of the specimen matrix has direct effect on the background signal. The
matrices that compose mostly of low Z elements , e.g. biological specimens , would have high
background signal due to large incoherent scattering of the x-rays whereas the matrices of
high Z elements , e.g. some geological and metal specimens , would have little incoherent
scattering and thus low background signal [4a] .

Most of the quantitative analyses by EDXRF have been performed by using the
calibration graph method. Slight different in the form of data used lead to few variations of
this graphical method : (a) the calibration with standard reference materials , (b) the standard
addition , (c) the internal standardization ; all of which need a set of standards for the
- construction of a calibration graph. At any rate , to obtain good results , these methods require
large number of standards to help make correction from matrix effect [5,6].

The ability of EDXRF to analyze specimens in solid form presents both strong and
weak points at the same time. The strong point is realized when dealing with specimens
which are insoluble or nearly insoluble in solvents while the weak point is due to the
homogeneity problem for solid specimens. Furthermore , compositions of the matrices of
solid powders can be quite diverse ranging from light matrices ( of low Z elements) to heavy
matrices (of high Z elements). Therefore , a wide range of background signals can be
encountered from one solid specimen to another and thus spectra of completely different base
lines can be obtained for EDXRF spectrometry. Besides the homogeneities of the specimens ,
another point of equally important is that the matrices of the standards and the matrices of the
unknown specimens must be very similar as much as possible to minimize any additional
errors from matrix effect [7,8]. The standard addition method is the method that suits most
to this requirement since it gives almost the same type of matrices between the standard and
the unknown specimens. This method , however , has some limitation and is not suitable in
case of the limited quantity of sample. In addition , eventhough the whole operation of
EDXRF spectrometry is usually fully computerized some softwares may not include the
capability of handling the standard addition method , for instance , as in our case.

Many suggestions had been given [1b,2c] in an attemp to reduce high background
signals , e.g. , ( i) to use low excitation conditions (kV , mA) , (ii) to use filters to remove
anode lines or to reduce continuum intensity in the region of a specific analyte line , ( iii ) to
reduce the specimen thickness , (iv) to avoid matrix of low Z (as in solutions , fusion
products , glass disks ), (v) to avoid using low Z elements as binder , etc. These methods can
be applied directly without having to modify the spectrometer. Recently , few other
alternatives to reduce background have been accomplished through the modified
spectrometer. In one approach the three-axial spectrometer was utilized while the other was
based on the polarized x-ray radiation {9,10]. These methods , however , are not applicable to
our case. The problems we are facing here is the matrices of standards and those of unknown
specimens are quite different as evidence from low background in the unknown specimens
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but high background in the standards. We , therefore , adopted a method to solve the problem
chemically by adjusting the matrix composition of the standard making it resemblance to that
of the unknown specimens and thus the same shape of base lines can be obtained.

The elements of concerned in our ilmenite ore are : Ti , Mn , Fe , Y, Zr, Nb, Sn, and
W . The quantities of these elements roughly are : Ti ,Fe >10% ;Mn,Nb,Sn, W
between 0.1-10% ;Y ,Zr <0.1 %. Ti and Fe are then classified as major elements ; Mn ,
Nb, Sn, W as minor elements ; Y and Zr as trace elements [1c,2d] .

In this article the method of preparing standards whose matrix compositions are closely
similar to that of unknown specimens will be described. Briefly , ground ilmenite ore was
mixed with corn starch (binder) and pressed into pellet disks. This represents the unknown
specimen and will be referred to , in this work , as the ore specimen. For the standards , they
were made up by mixing the oxides of the corresponding metals also with com starch but a
certain amount of the major elements (Ti , Fe in oxide form) were also added and pressed into
pellet disks. The addition of major elements into the standards is the key to help adjustment
of the standard matrices similar to the matrices of the ore specimens.

MATERIALS AND METHODS

Chemicals

Ilmenite ore is a black lustrous sand of grain size ca. -60 mesh. Ore samples had been
physically concentrated at the Office of Mineral Resources Region 1 , Songkla , Thailand.
The Office in turn received raw ilmenite ores from various mines in the southern part of
Thailand , hence , each lot of the sample ore received from this office generally came from
different sources. This reflects by their compositions analyzed as
shown in Table 2.

All the metal oxides used in the standards preparation were all of analytical grade ;
TiO, (AR , E.Merck) ; Fe,03 (AG , EMerck) ; Y203, ZrO, , Nb;Os, SnO, , WO; (AG
Fluka) ; MnO; (AR , Carlo Erba ).These oxides were dried at 110 °C for 3 hrs before used.
Corn starch (100 % , CPC/Aji , Thailand ) was used as a binder for pressing all the
specimens into pellet disks.

Equipment
Orbital shaker (Adgle Kuhner , AG , Switzerland ) was used for the mixing of ore

specimens or metal oxide standards with com starch binder. The maximum shaking speed
attainable by this unit is 400 cycles per minute (cpm).

Energy dispersive x-ray fluorescence spectrometer ( Spectrace 5000 , Spectrace
Instruments , Inc. , Mountainview , California ) is of the tube type. The tube target is Rh.
The detector is the liquid nitrogen cooled Si(Li} with resolution of 164 eV for the Mn Ka line.
This spectrometer is fully computerized through the software EDXRF version 1.35 (DOS
version) provided by the spectrometer manufacturer. The sofiware has the capability of
handling the matrix effect correction. The results are obtained via the conventional calibration
graph method. The other optional methods , e.g., the standard addition is not available |,

however.



Die ( SPECAC , Kent , England ) of diameter 32 mm together with the hydraulic press
(Ring Press 00-25 , Research and Industrial Instruments Co. ) were used to press the powder
specimens into pellet disks. The pressure used was 8 tons per square inch.

X-ray diffractometer (Philips , PW3710) was used to acquire the XRD spectra and
carried out at the Central Equipment Division of the Faculty of Science. The tube target is
Cu.

Procedure

(A ) Preparation of the ore specimen Ore sample was intimately ground before mixing
with corn starch in the ratio 1 : 5 (ore : starch) in 250 ml Erlenmeyer flask. To the flask were
added 2-3 pieces of clear plastic blocks , each weighs 1.3 g and of dimension 15 x 9 x 7 mm
, 10 act as the moving stirrers. The content in the flask was shaken on the
orbital shaker at 320 cpm' for 24 hrs to ensure homogeneity. After shaking the mixed powder
was accurately weighed for 4 g and pressed as pellet disk of 32 mm diameter under 8 tons per
squre inch pressure.The pellet thus obtained was considered as infinitely thick [1d] . The
EDXREF spectra of these ore specimens are shown in Figs 1 and 2 .

( B ) Preparation of the standard All the standards were made by using the
corresponding metal oxides mixed with binder (corn starch). To each standard were added the
“appropriate” amount of TiO; and Fe;O3; which are the two major elements in the ore
specimens. These “appropriate ” amounts were obtained by successively varying the amounts
of the two majors elements then added to the standards , shaken , and pressed as pellet for
spectra acquisitions until the selected Region of Interest (ROI) counts in the resulting
standards getting close to those in the ore specimens (from (4) above) to within ca. + 10 %.

( C ) Spectra acquisition and calculation In acquiring the EDXRF spectrum , the

pellet of each specimen was recorded in triplicate , each by 90 ° rotation {11]. Any
inhomogeneity , if exists , can be easily detected by this pellet rotation. The tube voltages
used were : 15, 25, and 40 kV , each value was selected for some certain analytes to ensure
the most effective excitation. Most of the peak intensities used were those of Ka lines ,
except W and Fe. For W the La line was used while for Fe the Kp line was used.
( The Fe Ka was not used due to overlapping with the Mn K@ line.) 2 Calibration graphs of
the standards were constructed through the software EDXRF version 1.35 after which
concentrations of analytes in the ore specimens were calculated from these graphs. The
software ability to handle the matrix effect correction is worth to be mentioned. After having
applied this function a good straight line usually can be obtained. Example of calibration
graphs are shown in Figs 7 and 8.

RESULTS AND DISCUSSION

! The shaking speed can be set differently if stirrered with other materials. For example , when used
burundum (Thomas catalog number 3440-G50) the speed can be set at 240-250 cpm. Each burundum
weighs 5.5 g and of cylindrical form: 12.5 mm in length x 12.5 mm diameter.

2 The software does not have the capability to deconvolute the overlap peaks. The use of Fe K] peak
did not pose any problem since the content of Fe is high and this peak is sufficiently large to
minimize the statistical error. On other occasion , not this work , we used to check the result of using
Fe Ko and compared with using Fe KB on the sample with considerably high Fe content , they gave
identical results.



EDXREF spectra of ore specimens , as prepared from Procedure (4 ) , acquired at 25 kV
and 40 kV are shown in Figs 1 and 2 , respectively. The considerably low base lines should be
noted in these two figures.

In making the standards , if one just simply takes the desired metal oxide(s) and mixes
with starch , a high background or base line will show up in the spectrum just as shown in
Figs 3 and 4 which correspond to mixtures of SnO, (2000 ppm) in starch and WO; (800 ppm)
in starch , respectively. In Fig 5 the same concentration of SnO; (2000 ppm) as that in Fig 3 -
but with the addition of 4 % TiO, , no significant changes yet can be observed. However , in
Fig 6 , the same composition of Fig 5 but with the addition of 5.5 % Fe;O; , some drastic
changes in the base line can be observed. So we can see that the addition of the two major
elements are essential to adjust the matrices of the standards to yield similar low base line to

- that of the ore specimen. Having gone through series of experiments , the final “appropriate”
amounts of TiO, and Fe,O; added to each set of standard can be summarized in Table 1.

Each set of the standard composes of 5 concentrations ranging from blank (zero
concentration) to the highest value as specified in the second column of Table 1 . Some set of
standards contain two elements , instead of only one , to save time during preparations [12] .
In such cases , the two elements should be well separated such that their fluorescent peaks
would not overlap or interfere with each other. In general , each concentration , among the set
of 5 concentrations , contains fixed amounts of TiO; and Fe;O3; as given in the third and
fourth columns of Table 1. However , in the set of Nb;Os and WO; standards the amount of
TiO, and Fe;O; had to be varied , in the range as given in Table 1, to obtain good straight
lines for the calibration graph (Fig 7). For Fe;0; standards , the addition of TiO; to adjust the
matrix composition was very sensitive and difficult to bring the base line to within ca. £10 %
of the desired criterion. However , eventhough the base line obtained for Fe,O; standards
slightly exceeded the criterion *10 % , the calibration graph as constructed from these
spectra still forms a very good straight line , as shown in Fig 8. Since Fe,0s is present in large
amount , it peaks are intense with high counting signal so the error from counting statistics
will be small and insignificant.

Tertian and Claisse [4b] give an example of calculation relevant to scattering
phenomena and matrices of varying Z’s. They cited the spectrometer utilizing Ag Ko
( E = 22.1 keV ) and scattering angle ¢ = 90 ° * and showed in details the calculation for
mass scattering coefficient ( o ) for coherent (Geon) and incoherent (ciqc) scattering from
specimen matrices of varying Z’s ranging from 3 to 30. The calculated ocon and Gine Were
then plotted against Z’s. This graph shows that for low Z oig is much larger than 6o and
coalesces as Z approaches 20 after which ocn becomes larger and diverges as Z keeps
increasing. Similar calculation and graph were treated by Kubo and Smythe {13] in an
application to measure the mass of biology and medicine samples. ( This method was used for
samples of very small mass ( ~ 300 mg) where normal weighing on an analytical balance
could cause significant error.) And recently , calculations in this manner were shown , but for
higher photon energies , in the atomic number region 12 < Z < 82 which gave similar results
[14].

Upon inspection of the ore specimen spectrum in Fig 2 one can see that the intensity of
the incoherent peak of Rh Ka is considerably larger than the coherent Rh Ka. This is also true
for the same in Figs 3,4, 5, and 6. Judging from the graph shown by Tertian and Claisse
one can conclude that the matrices of all these specimens can be considered as low Z . In the

3 This is a similar configuration to our spectrometer the only different is the tube ; ours is Rh.



ore sample (Figs 1 and 2) , the ore matrix itself will be of high Z but during the specimen
preparation 1 g of ore was mixed with 5 g of starch , therefore the effect from the starch will
dominate and drastically dilute the ore matrix leading to being a low average Z specimen..

Shown in Table 2 are the concentrations of the main analytes in our three ilmenite
samples as determined by using the standards made up as explained above. The three samples
are designated as Ilmenite 1, Ilmenite 2, and Ilimenite 3 , respectively. As already mentioned
, the three samples of ore came from different locations so their compositions are slightly
different. Among the three samples , Ilmenite 2 contains the highest percentage of cassiterite
(5n0,) followed by Ilmenite 3 and Ilmenite 1, respectively. These results are in excellence
agreement with the XRD spectra (Fig. 9) where the cassiterite peaks can be seen strongest in
Ilmenite 2 and less in Ilmenite 3 while being unobservable in Iimenite 1.

The compositions of minerals , in general , can vary in a certain range depending on the
locations where they were deposited. For ilmenite (FeTiO3) , theoretical TiO, content would
be 52.66 % . In nature , the content of TiO; can vary over a wide range due to presence of
other elements or minerals within ilmenite grains and the weathering of iron oxides from the
ore. The former would cause lower percentage of TiO; content while the latter for higher
percentage[15]. Ilmenite deposits from various locations around the world after having been
treated , the content of TiO; ranges 37 - 63 % [18a). Judd and Palmer [16] showed data on the
composition of ilmenite from many sources , the data can be summarized into ranges of each
composition : TiO; 43.9 - 60.3 % , Fe;O03 35.5 - 52.1 % , MnO 0.40 - 1.6 % , etc.® The
ilmenite from Bangladesh has been cited to contain 27.8 % (wt.) titanium , 32.4 % (Wt.) iron
and about 12 % (wt.) silicon dioxide[17]. Other reports [18b-21] showed contents of TiO; ~
44 - 55 %, Fe;03 ~ 43 - 50 % , MnO ~ 0.3 - 2 % .* No results on the contents of Y»0;5, Zr0,
, Nb2Os , SnO; , and WO; have been given in these references , however.

The accuracy of the analysis results presented in Table 2 was checked by two different

methods. The first was by including one of the working standard along with the ore
specimens which were then analysed under the same conditions. The concentrations of
analytes found in the standard agreed very well with the known values. For example , for
TiO; the result came within 1 % of the known value. This is an excellence support for the
results reported in Table 2 , especially for the two low values of TiO,
( Ilmenite 2 and 3). The second method was by the recovery experiments , i.e. , by adding
known amount of some selected analytes to the ore specimens and analysing for the new
combined concentration values. Four selected analytes added were Y,05, ZrO, , Nb,Os , and
WO;. The specimens were prepared in two series with two different amounts of the added
analytes ; roughly about twice of each other. The results again are quite acceptable , the
amount added compared very well with the amount found , as shown in Table 3.

It is noteworthy to mention that the working standards as described here give good
analysis results only with the ore specimens prepared from 1 g of ore to 5 g of starch (see
Procedure (4) and (B) ). We found that by altering the compositions of ore specimens to 0.5
g of ore and 6 g of starch quite different analysis results were obtained , most of them higher
than those given in Table 2. (They were analysed simultaneously under the same conditions.)
The major elements are 8 - 30 % higher while the minor and trace elements are 20 - 90 %
higher with the exception of two items about 60 % lower. The cause of this large error can be
explained based on the different matrices in the standard and the new ore specimens. By

* In these references the contents of Fe were given as two separate species , FeO and Fe,;O,. The
amount of FeO was converted to Fe;0; and shown here as total Fe,0;.



comparing their EDXRF spectra , the base lines of the new ore specimens are much higher
than those of the standards attesting to their significantly different matrices.

CONCLUSIONS

Sets of standards for quantitative analyses by EDXRF spectrometry were prepared by
using oxides of the corresponding analytes mixed with starch plus certain amount of the
major elements. The matrices of these standards as prepared simply mimic those (matrices) of
the unknown specimens. The similarity of the standard and the unknown matrices are of
prime important in x-ray spectrometry and this can be quickly distinguished through their
base lines appearance.
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FIG. 1 EDXRF spectrum of ilmenite ore. {Operating conditions : 25 kV,
0.01 mA , 50 s, no filter.)
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scattered peaks of Rh K lines.) (Operating conditions : 40 kV , 0.01 mA ,
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FIG. 3 EDXRF spectrum of mixed powder prepared from SnO, (2000 ppm)
and starch. ( Fe Ko line results from trace Fe in the starch , peaks
marked with * are the incoherent scattered peaks of Rh K lines .)
{Operating conditions : 40 kV, 0.01 mA |, 10 s, no filter.)
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TABLE 1
The “appropriate” amounts of major elements (TiO; and Fe,0;) added to

each set of standards.
Analyte Conc. Range | TiQ; Added | Fe;O; Added
(oxide form) | of Standard (%) (%)
TiO; 0-8% - 7.5
MnO; 0 - 2000 ppm 4.5 5.6
F6203 0-8% 7.5 -
Y203 0 - 1200 ppm 6 7
ZrO, 0 - 2000 ppm 6 7
NbyOs 0-1% 35-6 45-7
Sn0, 0 - 2000 ppm 6.5 7.5
WO, 0-2% 35-6 45-7
TABLE 2

Compositions of ilmenite ores from three different locations.

Ore TiOz F6203 MnO Y203 ZI’Oz Nb205 SIIOz W03
specimen % % Y% ppm ppm % % %
Ilmenite 1 46.01 37.05 5.41 688 1117 | 0.42 0.85 1.73
Ilmenite 2 34.07 48.72 3.67 456 957 0.33 4.44 3.82
Iimenite 3 35.24 44.65 4.08 419 529 0.21 1.91 1.07
TABLE 3
Recovery of four added analytes.
Ore Series | Y03 (ppm) ZrQ), (ppm) Nb,Os (ppm) WO; (ppm)
specimen Added | Found | Added | Found | Added | Found | Added | Found
[Imenite 1 1 78 81 79 106 166 156 156 171
2 148 157 146 146 294 301 295 286
[Imenite 2 1 79 68 80 80 156 185 167 144
2 148 134 148 128 298 271 300 309
[imenite 3 1 79 72 80 79 158 150 158 145
2 149 166 149 153 294 290 299 292
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