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Inter-element effects may severely affect the accuracy during EDXRF
measurements of mixed oxides. Single (individual), binary and ternary oxide
mixtures of Al, Si and Y were made with cellulose and the pellets were prepared.
Sensitivity and intercept of the EDXRF spectrometer for Al, Si and Y were
determined. Effects of presence of the other elements on the sensitivity and
intercept were studied. The sensitivity was found to increase, as per the atomic
number. Characteristic X-ray energies, absorption edges and attenuation

K : L. . .
in?ig:’l\-lglrednient effects coefficients are the key factors, which controlled the sensitivity. Presence of
EDXRE interfering impurities, overlap of peaks and X-ray absorption, hold the principal

control over intercept of the calibration curves. For each of the three present
analytes, the major contributor to inter-element effect was identified, via a
systematic approach. Compositions of two samples of yttrium aluminium silicate

yttrium aluminium silicate
powder samples

were determined, after incorporating inter-element correction factors.

1. Introduction

Mixed oxides of yttrium (), aluminium (Al) and silicon
(Si) are used in the medical field for various diagnostic and
therapeutic applications [1, 2]. These are popularly known
as  “thera-spheres” [3] or  “Bhabha-spheres”.
Quantification of the major constituents, Y, Al, Si, is
inevitable for optimizing the amounts and efficacy of the
material. Compositional characterization of mixed oxide
powders by wet chemical routes is always a challenge to
the analysts, because of the refractory nature of
constituents. Classical methods, though very accurate and
precise, require proficient analysts, rigorous chemical
treatments of sample, large chemical /material inventory,
and time. Atomic absorption /emission techniques are not
suitable for these, due to both the difficulty in dissolution
and multi-step dilutions, which in turn will hamper the
measurement precision. An instrumental technique, with
minimal sample preparation, is ideal to tackle such
situations. These analyses can be taken up by energy

dispersive X-ray fluorescence (EDXRF) spectrometry.
Quantification of major, minor and trace analytes in solids
as well as liquids can be carried out using EDXRF [4-6].
Most of the available literature reports on the analysis of
solid powder samples proceed via X-ray techniques.
Compositional analysis of glass sample has been reported,
using XRF to confirm the percentage purity of glass
microspheres [7, 8]. The combined analytical techniques
like synchrotron p-XRF, external-PIXE/PIGE (Particle
Induced X-ray Emission / Particle Induced Gamma ray
emission) and BSEM-EDS (Bench-top Scanning Electron
Microscopy  equipped  with  Energy  Dispersive
Spectroscopy) are also applied to study the different types
of glasses [8, 9].

Quantitative XRF analysis proceeds via the calibration
standards method [10]. For accurate determinations, it is a
pre-requisite that the sample and standard have identical
matrices. XRF measurements are influenced by a
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multitude of factors [11]: (i) the X-ray source flux, energy,
spectral distribution, (ii) geometrical set up of
measurements, (iii) the sample characteristics such as
physical form, size, homogeneity, chemical constitution,
the X-ray absorption /emission characteristics of analytes,
matrices, fluorescence yields, (iv) detector features:
efficiency, dead time, resolution. Among these, the effects
due to variation in chemical constitution of the sample are
called the inter-element effects [12]. A comprehensive
understanding of the inter-element effects is inevitable to
ensure accuracy and precision. Various methodologies,
adopted by researchers, to address inter-element effects are
reviewed in detail by Rousseau [13]. These include the
fundamental parameters, basic, modified and hybrid
influence coefficient procedures. The fundamental
parameter method of XRF has been compared with the ko-
neutron activation analysis and validated for Ni-based
alloys by M. Wasim and S. Ahmad [14]. Statistical
evaluation of the obtained analytical data has been
reported in the literature [15]. Detailed literature survey
suggests that there is enough scope for improving the
quality and reliability of the results.

The present paper is a report on the systematic examination
of the inter-element effects during EDXRF measurements
on solid powder samples, and application to mixed oxide
samples of aluminium, silicon and yttrium. Subsequently,
the results were applied to determine the composition of
yttrium aluminium silicate (mixed oxide) samples.

2. Experimental
2.1 Sources of materials, reagents, chemicals, and
instrumentation

Spectroscopically pure oxides, viz. Al,O3, SiO,, Y203 and
thin layer chromatography (TLC) grade microcrystalline
cellulose powder were obtained from Merck.

All sample, standard and blank pellets were prepared after
mixing the required quantities of the respective standard
oxides, samples and /or microcrystalline cellulose, in an
agate mortar and pestle. For pelletization, the mixtures
were transferred to tungsten-coated stainless-steel dies
(internal diameter: ~ 10 mm), compressed with the
plunger, and applied approximately 5 to 7 tons of pressure
using a hydraulic press (KBr press from Techno search,
India). The pressed pellets, thus prepared, were carefully
removed from the dies, after releasing the pressure.

EDXRF spectrometer (Model: EX-3600M upgraded,
Xenemetrix, Israel) was used during all the XRF
measurements. The instrument has an in-built Rh X-ray
tube with the following specifications [16]: 50 Watt, 50
kV, oil cooled, Be-end window, and front anode. Software
tunable solid state power supply applies voltage ranging
from 3-50 kV to the X-ray tube, in 1 kV increments (10 to
4000 pA in 1 pA steps). Thermo-electrically cooled silicon
drift detector (SDD) does the functions of dispersion and
identification of X-rays. The detector has got high counting
efficiency (ten lakh counts per second) and energy
resolution of 123 eV £ 5¢eV at 5.9 keV.

2.2 Preparation of standard pellets

All standard pellets were prepared by mixing individual
oxide powders or mixtures of oxide powder with
microcrystalline cellulose powder as binder, in an agate
mortar and pestle. Then, this mixture is pelletized in clean,
dry 10 mm dies, using the hydraulic press. The size of
pellets (mass: ~ 200 mg, diameter: ~ 10 mm, thickness: ~
0.8 mm) was kept same for all standards, samples, and
blanks for quantification of analytes in the samples. The
pelletization tools, along with the representative pellets of

standard and sample, are shown in Fig.1

Fig 1. (a) Agate mortar and pestle, tungsten coated stainless steel die having internal diameter of 10 mm, (b) pressed pellets of
standard and sample
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2.2.1 Preparation of unary oxide pellets

Varying amounts of spectroscopically pure Al,O3 (0, 20,
40, 60 mg) were thoroughly mixed with cellulose,
pelletized and used as a set of calibration standards for the
EDXRF determination of Al. Similarly, individual
elemental calibration standard pellets for Si and Y were
prepared separately. For this, different amounts of SiO (0,
20, 40, 60, 80 mg), Y203 (0, 20, 40, 60, 80 mg) were mixed
with microcrystalline cellulose powder as the binding
agent.

2.2.2 Preparation of binary oxide pellets

Binary oxide pellets were prepared by keeping the amount
of one oxide fixed and varying the amount of other oxide.
All possible binary combinations of the three oxides, i.e.,
six sets of standard pellets, were prepared in this manner.
Details of these preparations are discussed below.

Two separate sets of binary calibration standard pellets
were prepared for Al, in the presence of fixed amounts of
SiO; and Y703 as:

i.SiO; fixed (~ 80 mg) and Al,O3 varied (0 to 60 mg)

ii. Y203 fixed (~ 80 mg) and Al,O3 varied (0 to 60 mg)
Similarly, two sets each of the calibration standards for Si
and Y were prepared as:

i. AlO; fixed (~ 40 mg) and SiO; varied (0 to 80 mg)

ii. Y20; fixed (~ 80 mg) and SiO; varied (0 to 80 mg)
iii. AlO; fixed (~ 40 mg) and Y,0s varied (0 to 80 mg)
iv. SiO; fixed (~ 80 mg) and Y03 varied (0 to 80 mg)
2.2.4 Preparation of ternary oxide pellets
Ternary oxide pellets were prepared by keeping the
amounts of two oxides fixed, and varying the third oxide
contents in the mixture. Herein, three sets of standard

pellets of different compositions were made, as given
below:
1.Y20s3 fixed (~ 80 mg), SiO; fixed (~ 80 mg) and Al.Os
varied (0 to 40 mg)
11.Y203 fixed (~ 80 mg), Al2Os fixed (~ 40 mg) and SiO:
varied (0 to 80 mg)
iii.Al,O3 fixed (~ 40 mg), SiO; fixed (~ 80 mg) and Y203
varied (0 to 80 mg)
iv.
2.3 EDXRF analysis
All pellets were analyzed under optimized acquisition
parameters. The KL (K,) X-rays were monitored for Al
and Si. In the case of Y, both the KLs and LsMs (La1) X-
ray intensities were recorded. Based on the dead time of
detector and counting statistics (criterion for good
counting statistics is to obtain a minimum of 10,000 net
counts for each characteristic X-ray peak), two separate
sets of acquisition parameters were used during the present
measurements. Optimized parameters for monitoring the
Al-KL3;, Si-KLs and Y-LsMs X-rays were: X-ray tube
voltage: 5 kV, current: 2000 pA, energy range: 10 keV,
acquisition time: 200 s, medium: vacuum and with no
filter. While using Y-KLs; X-rays, the optimized
measurement parameters were: voltage: 35 kV, current:
100 pA, range: 40 keV, acquisition time: 50 s, medium: air
and with Rh filter. Characteristic X-rays used during the
present work, are given in Table 1 along with their energies
[17], absorption edges [18] and their relevant regions of
interest (ROI) in the X-ray spectra.

Table 1. Relevant factors for optimizing the EDXRF measurements

Element | X-ray notation | Energy (keV) | Absorption edge (keV) Region of interest
(keV)
Al KL3 1.487 1.559 1.320-1.600
Si KLs 1.740 1.838 1.610-1.810
Y LsMs 1.922 2.369 1.830-2.100
Y KL3 14.958 17.037 14.480-15.240

2.3.1 Calibration of the spectrometer using set of standard
pellets

Calibrations for Al, Si and Y were performed using the
above prepared 12 sets of standards, keeping
concentrations of other element /elements constant.
Calibration curves for Al were constructed, using pure
Al>O3 in the presence of SiOz, Y20z and (SiOz + Y20s).
Similarly, calibration curves for Si were constructed using
pure SiO,, in the presence of Al;Os, Y203 and (Y203 +
Al;O3). Calibration curve for Y was made, using pure

Y203, in the presence of Al;O3, SiO. and (Al:O3 +SiOy),
under the above optimized acquisition parameters.

2.3.2 Inter-element effects on the EDXRF calibration of Al,
Siand Y

Calibration curves for pure Al (0, 20, 40, 60 mg as oxide)
were compared with those obtained in the presence of Si
(~ 80 mg as oxide) and Y (~ 80 mg as oxide) as the
matrices. Similarly, calibration curves for pure Si (0, 20,
40, 60, 80 mg as oxide) were compared with those obtained
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in the presence of Al (~ 40 mg as oxide) and Y (~ 80 mg
as oxide). Similar comparisons were done for Y also. Slope
and intercept were obtained from each calibration curve
and compared with those of the pure elements. These
results were used as tools to establish the inter-element
effects during EDXRF analysis.

2.3.3 Sample analysis

Yttrium aluminium silicate glass and yttrium aluminium
silicate microsphere samples were analyzed for Al, Si and
Y. Series of standards and blank were prepared by varying
analyte and fixing other two elements which is considered
as matrix as mentioned above in section 2.2.3. The samples
were finely ground, homogenized, accurately weighed
(~200 mg) and pelletized using the KBr press mentioned
in section 2.2. All the samples, standard and blank pellets
were analyzed by EDXRF using optimized acquisition
parameters, as mentioned in section 2.3. The net counts of
all the analytes were noted down. Separate linear
calibration curves were constructed by plotting the net
counts vs the respective analyte amounts in the standard
pellets. From the net counts of analytes in the sample
pellets, Al, Si and Y were quantified, using the ‘respective
linear calibration functions’. These ‘respective linear
calibrations’ are the one’s obtained for matrix matching,
ternary oxide pellet standards for each analyte.

3. Results and discussion

Calibration standard pellets of unary (pure single
elemental standard pellets), binary, and ternary oxide
mixtures were utilized for studying the inter-element

Sx10°

® pure alumiha
in the presence of silica
A inthe presence of yitria

i the presence ol silica and yilria

4x10° -

Net counts for Al

effects on the EDXRF calibration of Al, Si and Y. Further,
the effects were correlated with the theoretical factors and
specific measurement conditions.

XRF measurements are heavily affected by the sample
matrix characteristics, in addition to those of the analytes
[19, 20]. If we compare pure, separate uni-element
systems, with multi-element systems, the detected
fluorescence signals for the latter are found to get
drastically modified due to various interactions with the
sample matrix. Hence, it is imperative that while
proceeding from pure, single analyte systems to real
sample analyses, we have to consider the effects of other
elements [21-24]. The effect is more pronounced in
EDXRF, when a low atomic number analyte is to be
determined in a high atomic number matrix. Therefore,
knowledge of the inter-element effects is inevitable for the
appropriate utilization of the available tools.

3.1 Calibration of the spectrometer using set of standard
pellets and the inter-element effects

Figure 2 shows the EDXRF calibration curves for pure Al-
KLs; X-rays, effects of fixed amounts of Si and Y
separately (the binary oxide mixtures) and the combined
effects of Si and Y (ternary oxide mixtures), on the
calibration curve for Al. Similarly, Figs. 3, 4 and 5 show
the inter-element effects on the calibrations for Si-KLs, Y-
LsMs and Y-KLs respectively. Table 2 summarizes the
figures of merit, such as the sensitivity, intercept and the
R?, of these calibration curves.

15 20 25

Al in the pellet (mg)
Fig 2. Calibration curves for Al-KL3z X-rays and the effects of presence of SiO; and Y03
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Fig 3. Calibration curves for Si-KL3z X-rays and the effects of presence of Al,Oz and Y203
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Fig 4. Calibration curves for Y-LsMs X-rays and the effects of presence of Al,Ozand SiO;
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Table 2. Features of EDXRF calibration curves and the inter-element effects

Oxide matrix in

Slope (counts per mg of

— )
No. Description cellulose Analyte analyte) Intercept | R

1 Pure ALO; - Al 994 7506 | 0.985
2 S0, Fixed-AlLOs Si0, Al 1731 10357 | 0.976
3 Y505 Fixed-AlOs Y20s Al 1383 9547 | 0.980
4 Xf%;'xed's'oZ fixed- Y,03, SiO; Al 1232 11571 | 0.976
5 Pure SiO; - Si 7214 2762 | 0977
6 ALO; Fixed-SiO; ALLO; Si 5648 7824 | 0.990
7 Y105 Fixed-Si0, Y20s Si 4665 18118 | 0.996
8 gizooj fixed-Al.Os fixed- |y 5. A0, Si 5049 8922 | 0.974
9 Pure Y,05 - Y 9355 27083 | 0.989
10 ALO3 Fixed-Y20s ALLO; Y 7785 10365 | 0.999
11 Si0;, Fixed-Y,0; Si0, Y 6708 2828 | 0.998
12 @2833 fixed-SiO; fixed- AlLOs, SiO, Y 6439 935 0.985

From Figs. 2, 3, 4 and Table 2, it is clear that the
sensitivities (also called slope of the calibration plot) of the
spectrometer for pure Al, Si and Y are 994 counts mg?,
7214 counts mg* and 9355 counts mg™ respectively. The
sensitivity values were found to increase gradually from
Al to Y, in agreement with the atomic numbers, mass
attenuation coefficients of the analytes for source X-rays
and the respective fluorescence yields [4, 11]. The energies
of characteristic X-rays also are in the same ascending
order, when we move from Al to Si to Y, as can be seenin
Table 1. The intercepts for pure Al, Si and Y were 75086,
2762 and 27083 respectively. The intercepts could be
arising due to the backgrounds at the respective regions,
from the X-ray tube source [25].

A comparison of the calibration function of Al with those
obtained in the presence of the other two oxides can be
made, with the help of Table 2 and Fig.3. Presence of fixed
amounts of SiOz and Y03 led to increase in the slope for
Al from 994 to 1731, 1383 counts mg respectively. The
slope of the calibration curve increased to 1232 counts mg
! during the analysis of ternary oxides mixture [varying
amounts of Al, in the presence of fixed amounts of (SiO;
+Y203)]. The increasing effect of slope could be attributed
to the enhancement of analytical signal (of Al-KL3) from
Si-KLz and Y-L3Ms X-rays (1.740 and 1.992 keV) which
lie just above the absorption edge of Al (1.559 keV). This
enhancement is more pronounced in the presence of Si
than Y, due to the higher proximity of the matrix
characteristic X-rays to the analyte absorption edge. Even
though the matrix X-rays enhance the generation of
characteristic X-rays of Al, these higher Z-matrices pose
attenuation, which resulted in the observed slope, during
ternary oxide analysis.
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Addition of fixed amounts of SiO,, Y,03; and (SiO, +
Y20s) resulted in the increase in intercept of the curve of
Al from 7506 (pure Al:O3) to 10357, 9547 and 11571
respectively. The increase in intercept could be due to the
Compton background [25], arising from Si and Y X-rays.
Now, consider the calibration curve for Si in unary, binary
and ternary oxide mixture pellets (Fig. 4). The slope
decreased from 7214 (in pure SiO2) to 5648 and 4665
counts mg*of Si, upon addition of fixed amounts of Al,O3
and Y203 respectively. In the ternary oxide mixture also,
slope of the calibration curve of Si reduced to 5049 counts
mg. Al absorbs the Si-KLs X-rays and hence the observed
reduction in slope of SiO,. The Y-L3sMs X-rays may act as
additional excitation source, since their energy (1.992
keV) is just above the absorption edge of Si (1.838 keV).
However, at the same time, the high atomic number Y
matrix may cause attenuation of the Si characteristic X-
rays. Among these two, the attenuation by Y exceeds the
enhancement effect, on Si X-rays. Hence, the final
outcome of these opposing effects is the observed lowering
of slope for Si. Similar explanation holds in the case of
ternary oxide too.

Intercept of the curve decreased drastically from 2762 (in
pure SiO,) to -7824 (with fixed Al>Os). This could be due
to reduced background at the region of interest for Si, as a
result of absorption by Al. Addition of fixed Y.0s, led to a
rise in intercept upto 18118 counts. In the ternary oxide
mixture also, intercept of the calibration for Si went up to
8922 counts. These results show the predominance of Y
over Al in elevating the background at the region of Si X-
rays. Another contribution to the high background from Y
could be visualized from the overlap of Si and Y
characteristic X-rays in the acquired spectra. The
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instrumental ROl did not take care of this spectral
interference. In order to alleviate the background effects,
the ROI’s for Si and Y were manually marked during the
entire measurements, as shown in Table 1.

In the case of pure Y03, the slope of the calibration curve
was 9355 counts mg* of Y (Fig. 5). The slope decreased
upon addition of both Al and Si to 7785 and 6708 counts
mgof Y, in the respective binary oxides. In the ternary
oxides, a cumulative decrease in slope was observed, i.e.,

to 6439 counts mg?. The decrease in slope may be
attributed to the absorption [25] of Y X-rays by Al and Si.
Intercept of the curve decreased from 27083 (in pure Y,03)
to 19365 and -2828 counts upon addition of Al and Si
respectively. In the case of ternary oxide pellets, the
intercept was 935 counts. The decrease in intercept, in
other words: the lower background at the region of interest
for Y, is the result of reduced scattering in the presence of
lighter matrices [13] Al>O3 and SiOs..

2.0x10°
1.6x10°
7]
N
S 1110
e
o
b 5
Z B.0x10 / " pure yttria
/ * inthe presence of alumina
4.0x10°4 ,l A 1:n the presence of‘ silica. 3
/ in the presence of alumina and silica
/
0.0 L5
| | | | I | | | |
0 10 20 30 4 S0 60 70 80
Y in the pellet (mg)

Fig 5. Calibration curves for Y-KL3 X-rays and the effects of presence of Al,O3;and SiO;

As shown in Fig. 5, the net counts vs amount of Y curve
reached saturation for the KL3 X-ray lines, in the studied
range. Here, the net counts were one order of magnitude
higher than those for Y-LsMs X-rays, on account of the
higher fluorescence yield (ok=0.7093, o = 0.0289) [26],
lower attenuation, scattering in matrix as well as sample
environment [4]. The curve was best fitted in a 3" order
polynomial function between the net counts and amount of
Y. Even in this curve, the inter-element effects were visible
in each coefficient of the polynomial. The overall trends
were similar to those observed in the case of Y-LsMs X-
ray lines (Fig. 4). Hence, similar explanations holds good
for Fig. 5 too.
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3.3 Application to sample analysis

Yttrium aluminium silicate glass powder and microsphere
samples were analysed for Al, Si and Y content.
Percentage of Al, Si and Y were determined by EDXRF
technique. The percentage of Si was verified by
gravimetry. Si suffers from severe inter-element effects,
due to the proximate presence of X-rays at both lower (Al-
KLs) and higher (Y-LsMs) energy sides. A typical EDXRF
spectrum, acquired under the optimized parameters of 5
kV, 2000 pA, 10 keV, 100 s, vacuum, without source filter,
for one of the samples is shown Fig.6.
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Fig 6. Typical EDXRF spectrum of yttrium aluminium silicate sample

The characteristic X-rays, namely the KL3 lines of Al, Si

and LsMs line of Y, are visible in

this spectrum, along with

the source X-ray peaks. Table 3 summarizes the results of

analysis of 4 replicates on each sample, via the matrix-
matching calibration standards containing ternary oxide
mixtures.

Table 3. Results of EDXRF analysis of yttrium aluminium silicate samples

Sample ID Al>O3 (%) | SiO2 (%) | Y203 (%)
YAS glass powder 18.0+1.6393+0.25|43.2+3.0
YAS glass microspheres | 19.4 + 1.3 | 40.4+0.24 | 40.1 £2.6

Note: Number of replicates, n= 4 for each sample

The inter-element effects can be visualized from Table 4.

Table 4. Inter-element effects on the results obtained for samples, using various matrices for calibration

Analyte % relative error with respect to ternary system, while using:
pure single element calibration | binary with SiO, | binary with Y,03
Al 151 -7.1 34.5
162 5.1 38.6
pure single element calibration | binary with Al,O3 | binary with Y;03
Si -22.4 15.9 -9.4
-21.4 19.2 -11.6
pure single element calibration | binary with Al,O3 | binary with SiO;
Y -45.4 -29.3 -1.2
-45.3 -29.3 -1.2

Herein, the percentage relative errors of the values
obtained for various systems are shown with respect to the
respective matrix-matching ternary calibration systems.
From a comparison of the unary-ternary calibrations, it is

187

visible that the highest loss in accuracy is obtained for the
pure single element calibration system, in comparison with
its ternary analogue. Among the three, Si has got least
variation, as a result of the cancellation of opposing effects
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due to the presence of low Z (Al) as well as high Z (Y)
matrix elements. Now, compare between binaries and
ternaries. In the case of Al, the binary with SiO, showed
the least deviation. This signifies that Si is the major
contributor to matrix effects for Al. In the case of Si, the
binary with Y>03 showed the least deviation with respect
to the ternary system. Thus, Y is the dominant in
influencing the Si X-rays. In similar lines, it can be
concluded that Si dominates over Al, in modifying the Y-
LsMs X-ray intensities. Same explanation holds for the Y-
KL; lines also, where the (net counts vs amount Y) curve
shows a 3" order polynomial relationship, owing to the
saturation of counts.

4. Conclusions

Inter-element effects during the determination of Al, Si
and Y in yttrium aluminium silicate samples, using
EDXRF, were investigated. The effects of other elements
on the calibration curves of each analyte were evaluated,
by systematic investigation of standard pellets of unary,
binary and ternary oxide mixtures. The increase in
sensitivity while moving from Al to Si to Y, was expected
as per their X-ray respective X-ray absorption/emission
characteristics: atomic numbers, energies of the
characteristic X-rays, absorption edge, reported mass
absorption  coefficients, fluorescence yields and
attenuation. Addition of other oxides affected the
instrumental sensitivities, which was the accumulated
effect of various factors such as the characteristic X-ray
energies, absorption of source X-rays due to the matrix,
enhanced interactions near the absorption edge and
attenuation of analyte X-rays in the matrix. The variations
in intercepts could be because of the scattering of source
[/characteristic X-rays in the sample, overlap of peaks and
absorption /enhancement by the matrices. Among all the
matrix-analyte combinations studied, the largest inter-
element effects were recorded for the combinations: Si-Al,
Y-Si, and Si-Y. Thus, it is lucid from the present studies,
that the Si matrix plays a major role in modifying the
analytical signals of both Al and Y, during EDXRF
analyses.The properly preserved calibration standards can
be re-used as many times as possible, for the fast and
precise analysis of similar samples. The present results can
be extended for determination of the major constituents in
other binary and ternary alloys and oxides.
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