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The aim of the article is to show that determination of the main chemical composition with Wavelength
Dispersive X-ray Fluorescence Spectrometry method does not require the use of separate analytical appli-
cations and procedures for the tests of materials of different origin. This is however conditioned upon cal-
cination of the tested initial sample at the temperature of 815 �C to remove organic matter and its
preparation for X-ray measurements by fusing into a borate bead. Within the framework of the con-
ducted research a special analytical application measuring 10 oxides: SiO2, Al2O3, Fe2O3, CaO, MgO,
Na2O, K2O, SO3, TiO2 and P2O5 was developed. Standards and certified reference materials (CRMs) were
applied for calibration. Synthetic standards with the use of oxides and salts of purity of 99.99% were also
prepared to complete the measuring points on the calibration curves The curves determined based on the
measuring points have high correlation coefficients and accuracy. The a empirical correction coefficients
were applied to correct matrix effects. The range of the method was confirmed based on the measure-
ments of 13 synthetic standards. The average values of the standard deviations in the lower range of
the calibration curves were between 0.0008% for K2O and 0.0056% for Na2O and 0.0054% for MgO. The
average values of the relative standard deviation were in the range between 1.81% for K2O and 13.92%
for MgO and 11.21% for Na2O, respectively. In the upper range of the calibration curves, the average val-
ues of standard deviation were between 0.079% for TiO2 and 0.962% for P2O5, and the relative standard
deviation was between 0.05% for SiO2 and 2.39% for P2O5. The accuracy of the developed WDXRF method
was assessed based on the measurement of 10 certified reference materials representing all the tested
materials (cement, coal ash, slag, fire clay, sediment and soil). Out of 98 conducted measurements
(two CRMs did not contain the declared content of P2O5 and SO3 respectively), in 68 measurements, rel-
ative errors were below 5%, and, in next 27 measurements, they were between 5% and 10%. The errors
were comparable for all the tested materials which confirms that in WDXRF analyses of borax beads
the type, kind and origin of a sample do not affect accuracy of the obtained measurements.
� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

There are two main methods of preparing samples for Wave-
length Dispersive X-ray Fluorescence Spectrometry (WDXRF) anal-
yses. The first one is pressing a sample together with a binding
material [1–4]. The most commonly applied binding materials
are cellulose, boric acid and wax. In the other method a sample
is fused into a borate bead with the use of lithium tetraborate or
a mixture of boranes [5–7]. In the first method a sample to be
tested can be the initial sample. The pressing method is cheap
and quick, it does not change the chemical composition of a sam-
ple, and the obtained results of the WDXRF analyses correspond
to the real contents of particular components in a tested initial
sample [7–11]. The main disadvantage of the X-ray measurements
of pressed samples are high values of matrix errors which signifi-
cantly influence accuracy of the obtained results. Matrix errors
are associated with the differences in the mineralogical form of
given elements in the tested samples [4,12]. As the dilution of a
sample with the binding material is usually small, the matrix
errors resulting from absorption or enhancement of the radiation
emitted from a sample by the measured element by other elements
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occurring in the sample may reach high values. Due to the differ-
ences in the mineralogical composition of the tested samples, it
is difficult to obtain homogenous grain size (preferably below
10 mm) through grinding which is both a prerequisite and neces-
sary to minimize the errors associated with the effects in the
WDXRF technique [7,13,14]. The WDXRF technique, like all other
instrumental techniques of chemical analysis, compares the results
with standards, hence it is based on calibration [2,14].

In the light of the potential errors mentioned above, which may
occur when pressed samples are tested, it is obvious that accurate
results can be obtained only if the standards used for calibration of
the method and measured samples are similar. It is recommended
to use the same objects or samples of the same origin. It complies
with the guidelines, which recommend applying separate analyti-
cal procedures for specific objects [15,16]. For most industrial lab-
oratories maintaining a quality system it is not a significant
problem as they usually analyze one or at most a few objects.
These are laboratories working for cement industry, metallurgical
industry, glass industry and many others, where the tested object
is usually a raw material or a product, and the aim of the analysis
is not to determine accurately the full chemical composition of the
tested sample. The analyses seek to confirm if the content of the
parameter, strategic for realization of a process or significant for
the quality of a product, meets the requirements of a relevant stan-
dard and falls within the required range [17–19]. In such cases,
preparing samples for the X-ray measurements by pressing them
with a binding material is an ideal solution as it is quick and cheap,
and with good quality standards it enables to obtain accurate
results.

The aim of the research presented in this article is to show that
for samples prepared for WDXRF technique measurements by the
fusion method their origin, kind and type does not matter, because
differences in their structure and mineralogy as well as the vari-
ability of their chemical composition do not have any significant
influence on the obtained results. In other words, as far as the accu-
racy of an analysis is concerned, it is not necessary to develop sep-
arate analytical applications for given materials tested with the
Wavelength Dispersive X-ray Fluorescence Spectrometry if the
samples are prepared by fusing into a borate bead. It is so as the
borate beads form a homogeneous solid solution, in which the
intensities of the analytical lines of the measured elements, which
are emitted from a sample during the X-ray measurement, depend
only on the content of the element in a given sample. Hence the
causes of biggest errors in the WDXRF technique [11], which are
associated with mineralogical and grain-size differences, disap-
pear. It is also no longer important in what form or chemical com-
pound the measured element occurs in a sample. In fused samples
matrix effects associated with absorption or enhancement of the X-
radiation emitted by the measured element as a result of the pres-
ence of other elements which form the matrix also exist. Yet, they
are much smaller than in pressed samples and in many cases so
insignificant that it is even not necessary to correct them mathe-
matically applying matrix a correction coefficients empirical or
theoretical. Nevertheless, in cases when analytical application
comprises determination of several elements or more and obtained
calibration curves are applicable in a wide range of content [7,11],
it is recommended to apply matrix effects correction with the use
of a coefficients even if the sample is highly diluted with a flux, at
the ratio of e.g. 1:9. Large dilution with a flux facilitates fusing,
minimizes losses of volatile components during the fusion process,
yet it increases the determination limits in comparison with the
pressed samples. It is insignificant for measuring the main compo-
nents, but it is a problem when trace elements are measured [11].
They can also be determined, but with higher detection limits.

As it was shown in the paper, there is no need to create separate
analytical applications for particular tested objects while perform-
ing analysis by means of X-ray fluorescence spectrometry with
wavelength dispersion provided that samples are prepared for X-
ray measurements by fusing into a borate bead.
2. Materials and methods

In the study presented in the paper the content of: SiO2, Al2O3,
Fe2O3, CaO, MgO, Na2O, K2O, SO3, TiO2 and P2O5 in samples of
building materials, soils, recovered secondary fuels, solid fuels
and wastes of specified codes was determined. The procedure of
sample preparation for X-ray measurements was identical for all
the tested objects. All the measurements were carried out with
the use of Rigaku Primus II X-ray Fluorescence Spectrometer
(Japan) with wavelength dispersion in vaccum. The spectrometer
is equipped with 4 kW X-ray Rh tube and two detectors: gas-
filled and scintillation. The set of 6 diffraction crystals (RX25,
RX35, RX60, PET, Ge and LiF2000) and 4 collimators (S1, S2, S3
and S4) cover the range of elements which can be analyzed from
Boron to Uranium. Ka analytical lines were used for all 10 ele-
ments. Cristal RX25 was used for Mg and Na, crystal Ge for P and
S, crystal PET for Si and Al and crystal LiF200 for Fe, Ti, Ca and K.
Both detectors were applied to measure the X-ray fluorescent radi-
ation coming from Na, Mg, Al, Si, P, S, K and Ca. Two elements Fe
and Ti were measured with the use of scintillation detector only.
X-ray tube current parameters were the same: 50 kV and 60 mA.

A sample of 1.0000 g ± 0.0002 g was fused with 9.0000 g ± 0.
0005 g of the flux into a borate bead in an electrical fusion machine
at the temperature of 1050 �C. The flux was a mixture of lithium
borate with a small amount of lithium bromide as a non-wetting
agent of the following composition: 66.67% Li2B4O7, 32.83% LiBO2,
0.5% LiBr, respectively. The flux was of ultra-pure class in the anhy-
drous state. Experimentally optimized instrumental measurement
conditions for the analytical lines of given elements were also
identical for all the analyzed samples and all the tested materials
and objects. All analyses were performed in the Laboratory of Solid
Waste Analyses of the Department of Environmental Monitoring,
Central Mining Institute accredited by Polish Centre for
Accreditation.

Table 1 presents the determination ranges for all 10 oxides ana-
lyzed with the use of the WDXRF technique, which are the widest
for wastes and for aggregates and soils. It is obvious that in differ-
ent tested objects the measured elements may occur in various
chemical compounds. Thus, these objects have different chemical
composition and different mineralogical structure, but as written
in the introduction, it ceases to have any significance after the sam-
ple has been fused into a borate bead. A homogeneous solid solu-
tion is obtained, in which the intensity of analytical lines of the
determined elements emitted from the sample during X-ray mea-
surement depends only on the content of this element in the tested
sample.

The matrix effects associated with absorption and/or enhance-
ment of emitted radiation by other elements present in the fused
sample also exist, but they are much smaller and can be corrected
mathematically at the stage of creating calibration curves by appli-
cation of a empirical or theoretical correction coefficients. The
matrix effects correction is not always necessary when flux to sam-
ple weight ratio is high, for example when a sample is diluted with
the flux at the weight ratio of 1 : 9.

The software used for data treatment was the original Rigaku
Corporation software provided with the spectrometer allowing
for the creation of own analytical applications. Chemical elements
to be analyzed may be selected and all measuring parameters for
each element may be optimized experimentally. The software also
allows selecting standards for calibration and a method of matrix
effects correction. Each application is given a name and the appli-



Table 1
The determination ranges for 10 oxides analyzed with the use of the WDXRF technique.

Concentration
[%]

Construction
materialsbinders

Construction
materialsaggregates

Soils Recovered fuels -alternative
fuels

Solid fuel -Hard
coal

Wastes of given
codes

Solid fuels - biomass
biofuel

SiO2 3.02–74.24 0.01–97.35 0.01–97.35 1.20–89.16 3.36–69.06 0.01–97.35 5.42–66.04
Al2O2 1.01–39.92 0.01–95.50 0.01–95.50 0.12–43.72 2.18–43.23 0.01–95.50 0.36–7.90
Fe2O3 1.06–19.79 0.01–95.75 0.01–95.75 0.29–70.72 1.15–50.20 0.01–95.75 0.48–23.00
CaO 9.96–70.72 0.01–99.24 0.01–99.24 0.18–70.81 0.40–34.58 0.01–99.24 2.91–41.94
MgO 0.11–3.95 0.01–82.25 0.01–82.25 0.15–23.51 0.80–17.84 0.01–82.25 0.80–8.91
Na2O 0.21–5.22 0.01–39.28 0.01–39.28 0.01–10.52 0.07–5.75 0.01–39.28 0.16–3.89
K2O 1.01–5.86 0.01–48.93 0.01–48.93 0.05–3.78 0.16–3.88 0.01–48.93 0.64–25.17
SO3 1.14–11.46 0.02–51.40 0.02–51.40 0.30–72.02 0.27–33.50 0.02–51.40 0.32–7.17
TiO2 0.16–2.55 0.01–39.79 0.01–39.79 0.01–3.25 0.10–3.25 0.01–39.79 0.02–0.90
P2O5 0.03–0.48 0.01–44.84 0.01–44.84 0.04–14.66 0.02–8.84 0.01–44.84 0.75–27.96
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cation created for the X-ray measurements performed within the
study presented in the paper was called DEMO (short name for
demonstration).
3. Results and discussion

Analytical application DEMO, including measurements of all 10
oxides, mentioned in Table 1, was developed to show that inWave-
length Dispersive X-ray Fluorescence Spectrometry it is not neces-
sary to create separate analytical applications for particular
materials and objects when the analyzed sample is a samples fused
into a borate bead. High quality standards, certified reference
materials, samples obtained from interlaboratory proficiency tests
and synthetic standards prepared by mixing oxides and/or salts of
purity over 99.99% in various proportions were used to prepare the
calibration curves. The example of obtained calibration curves for
SiO2 and Al2O3 are presented in Fig. 1 (the remaining are presented
in Supplement 1). The calibration curve for each element was
determined based on 79 measuring points: wastes – 39 standards,
building materials and binders – 16 standards, coal ashes – 14
standards, and 10 synthetic standards. The a empirical correction
coefficients were applied to correct matrix effects. White circles
in Fig. 1 show the position of a calibration standard without matrix
effects correction. Blue squares show the position of this standard
after matrix effects correction. One can easily observe that even in
10 times diluted samples by flux matrix effects still exist, but they
are not as big as in pressed samples and can be significantly cor-
rected by theoretical or empirical a correction factors. The mea-
surements refer to the incinerated state and they should not be
referred to the initial state, especially in a situation when a sample
of a given object has high loss on ignition.

The calibration curves presented in Fig. 1 (in Supplement 1)
confirm that when the oxide composition of any solid sample is
measured with the use of a WDXRF method, after prior incinera-
tion at the temperature of 815 �C and preparation for X-ray mea-
surements by fusing into a borate bead, neither origin of a
sample nor its kind and type affect the obtained results. Addition-
ally, the received calibration curves ensure high accuracy of results
obtained for 10 oxides. OneWDXRFmethod based on a big number
of high quality standards representing all tested objects is consid-
ered to be giving better results than the use of several methods cal-
ibrated with a few standards only.

Proving the thesis that the origin and type of the sample does
not affect the determination results obtained in the WDXRF tech-
nique when borate beads are analyzed significantly facilitates the
performance of validation tests. It is enough to do it for the method
with the widest content range. Confirmation of a laboratory’s com-
petence in obtaining accurate results in the lower and the upper
content range of this method is equivalent to confirmation of its
competence in obtaining accurate results in the lower and the
upper range of other accredited methods with a narrower content
range of determined oxides. Another advantage of the proposed
approach is the fact that any material can be a sample for the mea-
surements. If there are no materials of extreme content of the mea-
sured oxides, then synthetic samples prepared from ultra-pure
(over 99.99%) chemical reagents, can be used as samples. Preparing
such synthetic standards is relatively easy and burdened only with
the weighing error. To make this error even smaller it is recom-
mended to prepare a bigger portion of each synthetic standard
(several grams). The calculated contents of determined oxides in
given synthetic standards can be compared with the determination
results obtained by the WDXRF analysis and, based on it, the accu-
racy of the method in its upper and lower range can be assessed.

Thirteen synthetic standards which were mixtures of the fol-
lowing chemical compounds of purity over 99.99%: SiO2, Al2O3,
Fe2O3, CaO, CaSO4, MgO, MgSO4, Na2SO4, K2SO4, K2HPO4 and TiO2

in various proportions were prepared to confirm the presented
approach. The standards were marked from ZKS1 to ZKS13. The
chemical composition of the series of ZKS standards was calculated
from the weights of chemical reagents used for their preparation
and it is presented in Table 2.

Three beads for each standard were prepared and next each
bead was measured three times with the use of analytical applica-
tion DEMO. The obtained measurement results were then sub-
jected to the statistical analysis. Average values, the values of
standard deviations and the relative standard deviation (RSD%)
were calculated and they are presented in Table 3.

The lowest concentration of all 10 tested oxides in the stan-
dards used for calibration was 0.01%. The short distance between
an X-ray tube window and a measured sample and a powerful
4 kW X-ray tube gave clear analytical signal for all 10 oxides (in-
tensities of analytical lines were significantly higher than the
intensities of the background measured in the neighborhood of
the analytical lines), even when the content of an analyte in a sam-
ple was 0.01% or lower. In this case the lowest concentration on the
calibration curve can be accepted as the limit of quantification
(LOQ). Since this approach may be considered to be too simplistic,
it was decided to use the series of synthetic standards marked from
ZKS1 to ZKS13, which were prepared to confirm and verify the
range of the developed WDXRF method. The average values of
the standard deviation in the lower range of the calibration curves
(Table 3) were the basis for calculating the real limits of quantifi-
cation. The values of a standard deviation determining the LOQs
for the developed method were: 0.017% for SiO2, 0.020% for
Al2O3, 0.023% for Fe2O3, 0.009% for CaO, 0.033% for MgO, 0.034%
for Na2O, 0.005% for K2O, 0.023% for SO3, 0.012% for TiO2 and
0.008% for P2O5 respectively.

While creating the series of standards ZKS the amounts of intro-
duced particular chemical reagents were selected in such a way
that for each of the determined oxides at least three measuring
points in the lower range of the calibration curve and one measur-



Fig. 1. Example of calibration curves for a) SiO2, b)Al2O3.
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ing point in the upper range were obtained. The selected measur-
ing points, together with the relevant statistical calculations, are
presented in Table 3.
The average values of standard deviation in the lower range of
the calibration curves were between 0.0008% for K2O and
0.0056% for Na2O, and 0.0054% for MgO. The average values of



Table 2
The chemical composition of synthetic standards prepared to verify and confirm the range of the developed WDXRF method.

SiO2 Al2O2 Fe2O3 CaO MgO Na2O K2O SO3 TiO2 P2O5

ZKS1 0.67 0.4 0.48 47.1 1.09 4.09 2.58 3.89 0.06 39.64
ZKS2 0.5 0.36 0.09 0.1 2.18 – 50.73 46.04 – –
ZKS3 0.54 0.42 – 98.14 0.76 – 0.04 0.061 – 0.039
ZKS4 3.8 0.13 95.92 0.047 0.038 – 0.048 – – 0.017
ZKS5 2.21 97.24 0.14 0.069 – 0.042 0.068 0.058 0.16 0.013
ZKS6 97.66 – 2.19 0.039 0.031 – 0.039 0.041 – –
ZKS7 0.065 8.25 0.066 0.06 0.069 39.22 0.012 52.2 0.041 0.017
ZKS8 0.31 17.59 0.2 0.14 80.47 – 0.5 0.68 – 0.11
ZKS9 0.13 0.24 – 58.61 0.055 0.048 0.056 0.14 40.7 0.021
ZKS10 3.47 0.6 0.3 84.97 0.91 0.039 0.045 9.55 0.016 0.1
ZKS11 99.7 0.027 – 0.058 0.04 0.08 – 0.081 – 0.014
ZKS12 0.018 99.77 – 0.042 – 0.11 – 0.048 – 0.012
ZKS13 0.036 0.14 7.19 9.3 27.7 – 0.12 55.16 0.3 0.054

Table 3
Statistical data for the measuring points used for verification and confirmation of the range of the developed WDXRF method.

Lower Range Average value Upper Range Average value

1 2 3 4 1 2

SiO2 Standard ZKS12 ZKS13 ZKS7 ZKS9 ZKS6 ZKS11
Standard deviation 0.0016 0.0029 0.0033 0.0029 0.0027 0.036 0.05 0.0043
RSD (%) 11.49 6.74 6.07 2.66 6.74 0.04 0.05 0.05
Standard ZKS11 ZKS13 ZKS4 ZKS5 ZKS12

Al2O2 Standard deviation 0.0016 0.0028 0.0056 0.0033 0.15 0.127 0.138
RSD (%) 7.44 2.23 3.77 4.48 0.15 0.13 0.14
Standard ZKS7 ZKS2 ZKS5 ZKS4

Fe2O3 Standard deviation 0.0039 0.0043 0.0031 0.0038 0.67 0.67
RSD (%) 7.4 5.45 2.58 5.14 0.68 0.68
Standard ZKS4 ZKS11 ZKS7 ZKS2 ZKS10 ZKS3

CaO Standard deviation 0.0012 0.0017 0.0011 0.0019 0.0015 0.26 0.397 0.328
RSD (%) 3.04 3.33 1.46 2.02 2.46 0.29 0.41 0.35
Standard ZKS6 ZKS11 ZKS9 ZKS7 ZKS8

MgO Standard deviation 0.0047 0.0026 0.0063 0.0081 0.0054 0.397 0.397
RSD (%) 20.03 8.13 13.26 14.24 13.92 0.5 0.5
Standard ZKS10 ZKS5 ZKS9 ZKS11 ZKS7

Na2O Standard deviation 0.0058 0.0075 0.0048 0.0041 0.0056 0.213 0.213
RSD (%) 17.86 14.13 8.4 4.46 11.21 0.54 0.54
Standard ZKS6 ZKS9 ZKS3 ZKS5 ZKS2

K2O Standard deviation 0.001 0.0005 0.0007 0.0009 0.0008 0.291 0.291
RSD (%) 3.05 1.1 1.61 1.49 1.81 0.58 0.58
Standard ZKS6 ZKS5 ZKS3 ZKS11 ZKS2 ZKS7

SO3 Standard deviation 0.0049 0.0031 0.0027 0.0047 0.0038 0.45 0.728 0.589
RSD (%) 10.38 6.09 4.78 5.37 6.66 0.98 1.4 1.19
Standard ZKS10 ZKS7 ZKS1 ZKS5 ZKS9

TiO2 Standard deviation 0.0014 0.0024 0.0012 0.0031 0.002 0.079 0.079
RSD (%) 12.79 4.62 1.84 1.9 5.29 0.2 0.2
Standard ZKS9 ZKS3 ZKS13 ZKS10 ZKS10

P2O5 Standard deviation 0.0011 0.0004 0.0016 0.0015 0.0012 0.962 0.962
RSD (%) 4.5 1.27 2.57 1.33 2.42 2.39 2.39
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the relative standard deviation ranged from 1.81% for K2O to
13.92% for MgO, and 11.21% for Na2O. The highest values, obtained
for Na2O and MgO, result from the fact that sodium and magne-
sium are the lightest of the measured elements. The wavelength
of their analytical lines is 11.91 Å for Ka Na and 9.89 Å for Ka
Mg, respectively. The lines are in the range of so-called soft X-
rays, hence lower accuracy of measurements of these elements
with the WDXRF technique in comparison with heavier elements
which analytical lines Ka have shorter wavelength and higher
energy. Considering the fact that the calculated values of standard
deviation and relative standard deviation were obtained based on
nine measurements (triple measurements of three borate beads
prepared for every standard), and the fact that the range of content
of the determined oxides was between 0.01% and 0.1%, the X-ray
measurements performed with the use of WDXRF spectrometer
re very precise, even at such a low range of concentrations, for
all 10 analyzed oxides. Moreover, the differences between the
results obtained from the single measurement of three borate
beads prepared for each of the standards used for the tests are
not significantly bigger than the differences obtained from the tri-
ple measurement of the same bead.

In the upper measuring range, the average values of standard
deviation are between 0.079% for titanium dioxide, at the content
of 40.70% in the standard, and 0.962% for phosphorus pentoxide, at
the content of 39.64% in the standard. The determined content of
titanium dioxide in all three borate beads was almost identical.
The average of the three measurements was respectively: 40.52%
(bead 1), 40.35% (bead 2) and 40.38% (bead 3). Although these dif-
ferences were small, they were much bigger than the differences
between the results obtained for three measurements of the same
borate bead, which were 0.061%, 0.020% and 0.008%, respectively
for bead no. 1, 2 and 3. For phosphorus, the differences between
the results for the same bead were also insignificantly small and
were respectively 0.037%, 0.057% and 0.021% for bead no. 1, 2
and 3, comparable with the values obtained for titanium. Unfortu-
nately, there were much bigger differences between the values of
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average content of phosphorus pentoxide obtained during mea-
surements of the three borate beads which were prepared at the
same time. The values were respectively: 41.52% for bead 1,
39.63% for bead 2 and 39.58% for bead 3, which, as a result, gives
10 times higher value of the standard deviation.

In the X-ray analysis of the fused samples, the most important
problem is the volatility of the measured components. The chemi-
cal agent – potassium phosphate dibasic used for the preparation
of the standard for phosphorus, like all the oxides and salts used
for preparing synthetic standards, was not calcined at the temper-
ature of 815 �C but only dried at the temperature of 105 �C prior to
preparing the test portions. Titanium dioxide, used for the prepara-
tion of the synthetic standards to confirm the measurement range
of titanium, is not a volatile compound and that is why three
repeatable beads were obtained. In the process of fusing of potas-
sium phosphate dibasic K2HPO4, despite significant surplus of the
flux, small losses of phosphorus resulting from either its volatility
or its decomposition at the fusion temperature of 1050 �C must
have occurred. The problem of partial or complete volatilizing of
components from tested environmental samples and wastes dur-
ing fusion concerns not only phosphorus but also sodium, potas-
sium, sulphur and a several volatile trace metals. Hence it is
recommended that the initial sample for the WDXRF analyses pre-
pared for X-ray measurements by borate fusion method ought to
be first calcined or incinerated at the temperature of 815 �C or
higher following the standards PN-EN 14775:2010 or PN-EN
Table 4
Estimation of accuracy of WDXRF method in its lower and upper range.

[%] Lower range

1 2 3 4

SiO2 Calculated content 0.018 0.036 0.065 0
Measured content 0.014 0.043 0.054 0
Absolute error 0.004 0.007 0.011 0
Relative error 22.2 19.4 16.9 1

Al2O2 Calculated content 0.027 0.14 0.13
Measured content 0.021 0.12 0.15
Absolute error 0.006 0.02 0.02
Relative error 22.2 14.3 15.4

Fe2O3 Calculated content 0.066 0.09 0.14
Measured content 0.053 0.08 0.12
Absolute error 0.013 0.01 0.02
Relative error 19.7 11.1 14.3

CaO Calculated content 0.047 0.058 0.06 0
Measured content 0.038 0.051 0.073 0
Absolute error 0.009 0.007 0.013 0
Relative error 19.1 12.1 21.7 4

MgO Calculated content 0.031 0.04 0.055 0
Measured content 0.024 0.032 0.047 0
Absolute error 0.007 0.008 0.008 0
Relative error 22.6 20,00 14.5 1

Na2O Calculated content 0.039 0.042 0.048 0
Measured content 0.032 0.053 0.057 0
Absolute error 0.007 0.011 0.009 0
Relative error 17.9 26.2 18.8 1

K2O Calculated content 0.039 0.056 0.04 0
Measured content 0.034 0.049 0.046 0
Absolute error 0.005 0.007 0.006 0
Relative error 12.8 12.5 15,00 1

SO3 Calculated content 0.041 0.058 0.061 0
Measured content 0.047 0.05 0.056 0
Absolute error 0.006 0.008 0.005 0
Relative error 14.6 13.8 8.2 7

TiO2 Calculated content 0.016 0.041 0.06 0
Measured content 0.011 0.052 0.064 0
Absolute error 0.005 0.011 0.004 0
Relative error 31.2 26.8 6.7 0

P2O5 Calculated content 0.021 0.039 0.054 0
Measured content 0.025 0.033 0.063 0
Absolute error 0.004 0.006 0.009 0
Relative error 19,00 15.4 16.7 1
18122:2016. All the volatile components are released from a sam-
ple at this temperature and there are no further significant losses
in the temperature range between 815 �C and the fusion tempera-
ture 1050 �C.

The calculated average values of the relative standard deviation
had values from 0.05% for silicon dioxide to 2.39% for phosphorus
pentoxide, so they were much smaller than in the lower measuring
range. It means that the determination of the main chemical com-
position with a sample preparation for the X-ray measurements by
borate fusion method is also very accurate and repeatable in the
upper measuring range of the elaborated method WDXRF. Next,
in order to estimate the accuracy of the elaborated WDXRF method
called DEMO application in its lower and upper range, calculated
contents of all 10 determined oxides in these 13 synthetic stan-
dards were compared with the results of their X-ray measure-
ments. The obtained values are presented in Table 4, along with
the values of obtained absolute and relative errors taking as the
reference values the calculated contents.

The calculated average values of absolute errors of determina-
tion of all 10 oxides in the lower range of the method did not differ
much and ranged between 0.005% for titanium dioxide and 0.015%
for aluminum oxide. The calculated relative errors of measure-
ments were between 11.0% for sulfur trioxide (VI) and 19.5% for
sodium oxide. Taking into consideration that the obtained errors
concern the level of the oxide content in the tested standards
between 0.02% and 0.1% for CaO, MgO, Na2O, K2O, SO3, TiO2 and
Average value Upper range Average value

1 2

.13 97.66 99.7

.11 98.3 100.94

.02 0.011 0.64 1.24 0.94
5.4 18.5 0.66 1.24 0.95

97.24 99.77
97.14 99.74

0.015 0.1 0.03 0.07
17.3 0.1 0.03 0.07

95.92
98.57

0.014 2.65 2.65
15.00 2.76 2.76

.1 84.97 98.14

.096 88.37 97.57

.004 0.008 3.4 0.57 1.98
,00 14.2 4,00 0.58 2.29
.069 – 80.47
.057 – 79.99
.012 0.009 0.48 0.49
7.4 18.8 0.6 0.6
.08 – 39.22
.092 – 39.07
.012 0.01 0.15 0.15
5.00 19.5 0.38 0.38
.068 – 50.73
.061 – 50.53
.007 0.006 0.2 0.2
0.3 12.7 0.39 0.39
.081 – 46.04 52.2
.087 – 45.8 52.06
.006 0.006 0.24 0.14 0.19
.4 11,00 0.52 0.27 0.4
.16 – 40.7
.16 – 40.42
,00 0.005 0.28 0.28
.00 16.2 0.69 0.69
.1 – 39.64
.11 – 40.24
.01 0.007 0.6 0.6
0.00 15.3 1.51 1.51



A. Smoliński et al. /Measurement 163 (2020) 108030 7
P2O5, and up to 0.13% for SiO2, Al2O3 and 0.14% for Fe2O3, they are
really small and difficult to reach with other instrumental or clas-
sical analytical techniques. In the upper range of the method the
lowest value of relative error was obtained for aluminum oxide –
Table 5
Results of WDXRF analyses for two types of cement.

NIST SRM 1882a CEMENT Declared value [%] Measure

Bead 1

SiO2 0.24 0.22
Al2O2 39.14 38.81
Fe2O3 14.67 14.45
CaO 39.29 39.60
MgO 0.51 0.53
Na2O 0.021 0.034
K2O 0.051 0.044
SO3 4.01 3.87
TiO2 1.786 1.74
P2O5 0.07 0.074
NIST SRM 1885a CEMENT Declared value [%] Measure

Bead 1

SiO2 20.91 20.74
Al2O2 4.026 4.06
Fe2O3 1.929 1.95
CaO 62.39 61.98
MgO 4.033 3.96
Na2O 1.068 1.02
K2O 0.206 0.20
SO3 2.83 2.74
TiO2 0.195 0.18
P2O5 0.122 0.13

Table 6
Results of WDXRF analyses for three types of coal ash.

NCS FC 82,012 COAL ASH Declared value [%] Measure

Bead 1

SiO2 46.77 47.16
Al2O2 14.960 14.72
Fe2O3 5.510 5.36
CaO 21.37 21.10
MgO 1.740 1.64
Na2O 1.360 1.44
K2O 1.410 1.36
SO3 3.94 3.82
TiO2 0.630 0.60
P2O5 0.500 0.49
NCS FC 82,015 COAL ASH Declared value [%] Measure

Bead 1

SiO2 62.88 62.32
Al2O2 17.880 17.61
Fe2O3 6.040 5.80
CaO 6.11 6.00
MgO 0.900 0.96
Na2O 1.180 1.10
K2O 0.870 0.84
SO3 1.20 1.26
TiO2 0.790 0.83
P2O5 0.850 0.86
AS CRM 010–2 COAL ASH Declared value [%] Measure

Bead 1

SiO2 52.20 53.02
Al2O2 27.10 26.88
Fe2O3 10.80 10.52
CaO 3.47 3.60
MgO 1.40 1.34
Na2O 0.47 0.44
K2O 0.92 0.94
SO3 0.21 0.18
TiO2 1.34 1.38
P2O5 1.13 1.10
0.07% and the highest for iron(III) oxide– 2.65%, but at the Fe2O3

content in the sample of 95.92%.
In the validation process of any analytical method, including

methods based on calibration curves, the most important is to
d value [%] Relative error [%]

Bead 2 Average

0.23 0.225 6.20
39.10 38.96 0.46
14.51 14.48 1.30
39.32 39.46 0.43
0.53 0.53 3.90
0.03 0.032 52.4
0.048 0.046 9.80
3.91 3.89 3.00
1.76 1.75 2.00
0.072 0.073 4.30

d value [%] Relative error [%]

Bead 2 Average

20.80 20.77 0.67
4.12 4.09 1.60
1.97 1.96 1.60
62.20 62.09 0.48
3.92 3.94 2.30
1.04 1.03 3.60
0.19 0.195 5.30
2.78 2.76 2.50
0.19 0.185 5.10
0.13 0.13 6.60

d value [%] Relative error [%]

Bead 2 Average

47.02 47.09 0.68
14.78 14.75 1.4
5.40 5.38 2.4
21.16 21.13 1.1
1.66 1.65 5.2
1.40 1.42 4.4
1.38 1.37 2.8
3.84 3.83 2.8
0.60 0.60 4.8
0.47 0.48 4.0

d value [%] Relative error [%]

Bead 2 Average

62.46 62.39 0.78
17.69 17.65 1.3
5.78 5.79 4.1
5.94 5.97 2.3
0.94 0.95 5.6
1.14 1.12 5.1
0.82 0.83 4.6
1.28 1.27 5.8
0.81 0.82 3.8
0.88 0.87 2.4

d value [%] Relative error [%]

Bead 2 Average

52.86 52.94 1.4
26.84 26.86 0.89
10.58 10.55 2.3
3.54 3.57 2.9
1.36 1.35 3.6
0.42 0.43 8.5
0.96 0.95 3.3
0.18 0.18 14.3
1.36 1.37 2.2
1.12 1.11 1.8
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check and confirm its lower and upper range of applicability, which
has already been achieved. However, it was not enough to prove
the thesis that one calibration curve covering the full range of
the variability of occurrence of a given measured element, may
be applied for all the tested materials including natural environ-
mental samples (e.g. soils, grounds, raw materials, ores, water sed-
iments, rocks), as well as municipal and industrial waste and by-
products (e.g. ashes, slugs). Further research was done with the
use of selected for this purpose 10 commercially available certified
reference materials (CRM), including 2 types of cement, 3 types of
coal ash, 1 slag, 1 fire clay, 1 sediment and 2 types of soil. These
standards represented different tested materials and were charac-
terized by significant variability of the content of determined oxi-
des. The selected CRMs were dried at 105 �C and prepared for X-ray
measurements by fusing them into borate beads. Only soil CRMs,
prior to preparing a bead, were calcined at the temperature of
815 �C to remove the organic substance. The determined losses
on ignition of 4.4% and 14.3%, respectively were taken into consid-
eration while recalculating the declared content into the calcined
state. It was not necessary to calcine the other CRMs prior to
preparing a borate bead. The values of losses on ignition declared
for the certificates were 0%. The main chemical composition of
CRM samples (10 main oxides) prepared for the tests by borate
fusion method was determined according to DEMO application.
The certified main chemical composition of the selected CRMs used
for the final verification of the elaborated WDXRF method, given in
the calcined state, is presented in Tables 5-8.

Two borate beads for each tested CRM sample were prepared
and each bead was measured three times. The obtained results,
Table 7
Results of WDXRF analyses for one slag, fire clay and sediment, respectively.

FX RAW 03a SLAG Declared value [%] Measu

Bead 1

SiO2 39.24 39.62
Al2O2 6.24 6.50
Fe2O3 0.79 0.82
CaO 31.39 30.92
MgO 19.01 18.78
Na2O 0.24 0.22
K2O 0.38 0.39
SO3 1.44 1.40
TiO2 0.392 0.38
P2O5 – –
JRRM 124 FIRE CLAY Declared value [%] Measu

Bead 1

SiO2 73.90 72.64
Al2O2 16.50 16.82
Fe2O3 2.60 2.84
CaO 1.09 1.12
MgO 0.10 0.12
Na2O 0.31 0.33
K2O 1.79 1.86
SO3 – –
TiO2 2.74 2.80
P2O5 0.19 0.22
NIST SRM 1646a SEDIMENT Declared value [%] Measu

Bead 1

SiO2 85.71 86.40
Al2O2 4.339 4.12
Fe2O3 2.87 2.78
CaO 0.727 0.76
MgO 0.647 0.60
Na2O 0.999 0.94
K2O 1.041 0.99
SO3 0.879 0.84
TiO2 0.773 0.74
P2O5 0.063 0.082
as the average of 3 measurements, were compared with the
declared contents in the certificate and the absolute and relative
errors of the determinations were calculated. The calculated values
for all 10 determined oxides and for all 10 tested CRMs are pre-
sented in Table 5-8.

The determination results of the chemical composition of CRMs
performed with the WDXRF method according to DEMO applica-
tion (see Table 5-8), indicate that all 10 oxides were measured with
comparable accuracy. They do not show tendency that any of the
measured oxides was determined with a greater error in one
CRM in comparison with the errors obtained for the same oxide
for other objects. Out of 98 performed determinations (one CRM
did not contain declared content of P2O5, and the other of SO3)
68 ones had relative errors below 5%, and for the next 20 ones
the values of the relative errors were between 5% and 10%. The
highest values of the relative error were observed in the cases
when the contents of the determined oxides in the measured CRMs
were at a very low level. They were 52.4% for Na2O with its content
0.021% and 41.9% and 29.7% for SO3 with its content 0.031% and
0.037%, respectively.

In all techniques of instrumental chemical analyses based on
calibration, including the WDXRF technique, the determination
errors in the lower range of the calibration curve, are always very
high [20–22]. Then, in the lowest range of applicability the accu-
racy of such a method should be characterized by the absolute
error. The absolute errors in these three discussed cases had the
values respectively: 0.011% for Na2O and 0.013% and 0.011% for
SO3, which confirms the thesis that the WDXRF technique with
borate fusion as a method of sample preparation for X-ray mea-
red value [%] Relative error [%]

Bead 2 Average

39.54 39.58 0.87
6.44 6.47 3.69
0.84 0.83 5.1
31.06 30.99 1.3
18.72 18.75 1.4
0.20 0.21 12.5
0.41 0.40 5.3
1.38 1.39 3.5
0.36 0.37 5.6
– – –

red value [%] Relative error [%]

Bead 2 Average

72.86 72.75 1.6
16.68 16.75 1.5
2.86 2.85 9.6
1.14 1.13 3.7
0.12 0.12 20.0
0.35 0.34 9.7
1.84 1.85 3.4
– – –
2.78 2.79 1.8
0.22 0.22 15.8

red value [%] Relative error [%]

Bead 2 Average

86.58 86.49 0.91
4.18 4.15 4.4
2.74 2.76 3.8
0.78 0.77 5.9
0.62 0.61 5.7
0.96 0.95 4.9
0.99 0.99 4.9
0.84 0.84 4.4
0.76 0.75 3.0
0.078 0.080 27.0



Table 8
Results of WDXRF analyses for two types of soil.

NCS DC 73,320 SOIL Declared value [%] Measured value [%] Relative error [%]

Bead 1 Bead 2 Average

SiO2 76.72 76.29 76.43 76.36 0.47
Al2O2 10.78 10.98 11.08 11.03 2.3
Fe2O3 3.68 3.90 3.84 3.87 5.2
CaO 2.47 2.38 2.34 2.36 4.5
MgO 1.09 1.13 1.11 1.12 2.8
Na2O 1.69 1.62 1.64 1.63 3.6
K2O 2.66 2.60 2.58 2.59 2.6
SO3 0.031 0.046 0.042 0.044 41.9
TiO2 0.47 0.49 0.47 0.48 2.1
P2O5 0.107 0.099 0.097 0.098 8.4
NCS DC 73,325 SOIL Declared value [%] Measured value [%] Relative error [%]

Bead 1 Bead 2 Average

SiO2 38.15 38.62 38.48 38.55 1.05
Al2O2 34.14 33.96 33.84 33.90 0.70
Fe2O3 20.72 20.56 20.64 20.60 0.58
CaO 0.19 0.19 0.18 0.185 2.6
MgO 0.30 0.31 0.33 0.32 6.7
Na2O 0.093 0.079 0.081 0.080 14.0
K2O 0.233 0.27 0.25 0.26 11.6
SO3 0.037 0.050 0.046 0.048 29.7
TiO2 3.93 3.88 3.84 3.86 1.8
P2O5 0.31 0.32 0.32 0.32 3.2
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surements can be successfully applied to determine main oxides
with the content below 0.1% in all kind of samples. Based on the
results of the analyses presented in Tables 5-8, the conclusion
may be drawn that the values of relative errors decreased when
the content of the measured component in a given sample
increased and they reached values below 2% for all 10 determined
oxides in all analysed CRMs when their content was over 10%. In
most cases in the upper ranges of the calibration curves the rela-
tive errors were below 1%. Thus, it has been presented that a type
and origin of a tasted sample does not have any effect on the
obtained determination results under certain conditions. Firstly a
tested sample has to be calcined in the temperature 815 �C or
higher to remove all organic matter which presence could damage
a crucible during fusion. Secondly a sample has to be prepared for
X-ray measurements by borate fusion method and finally calibra-
tion should be based on a big number of high quality standards
representing all tested materials.
4. Conclusions

(1). It was proved that determination of the main chemical com-
position with the Wavelength Dispersive X-ray Fluorescence
Spectrometry does not require the use of separate analytical
applications to analyze materials of different type and origin
provided that tested sample before analysis is calcined at the
temperature 815 �C or higher and prepared for X-ray mea-
surements by borate fusion method.

(2). The calibration curves for all 10 determined oxides: SiO2,
Al2O3, Fe2O3, CaO, MgO, Na2O, K2O, SO3, TiO2 and P2O5 were
based on 79 measuring points: wastes – 39 standards, build-
ing materials and binders – 16 standards, coal ashes – 14
standards, and 10 synthetic standards and had high correla-
tion coefficient and accuracy when the a-empirical correc-
tion coefficients were applied to correct matrix effects.

(3). The range of the method was confirmed based on the mea-
surements of 13 synthetic standards. The average values of
standard deviations in the lower range of the calibration
curves were between 0.0008% for K2O and 0.0056% for
Na2O and 0.0054% for MgO. The average values of the rela-
tive standard deviation were between 1.81% for K2O and
13.92% for MgO and 11.21% for Na2O. In the upper range of
the calibration curves, the average values of standard devia-
tions were between 0.079% for TiO2 and 0.962% for P2O5. The
relative standard deviation values were between 0.05% for
SiO2 and 2.39% for P2O5.

(4). The accuracy of the developed WDXRF method was assessed
based on the measurements of 10 certified reference materi-
als (CRM) representing all the tested objects (2 types of
cement, 3 types of coal ash, slag, fire clay, sediment and 2
types of soil).

(5). The tests performed for the certified reference materials
confirmed high accuracy of the WDXRF method in both the
upper and the lower range of its applicability. They also
proved that, in case of fused samples which were first cal-
cined at the temperature of 815 �C or higher, one calibration
curve based on measurements of a greater number of high
quality standards and with matrix effects corrected with a
empirical correction coefficients, may be applied to deter-
mine a given element in all types of tested materials and
objects.
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10 A. Smoliński et al. /Measurement 163 (2020) 108030
References

[1] P. Brouwer, Theory of XRF, Getting acquainted with the principles.
PANanalytical B.V, The Netherlands, 2006.

[2] H. Hua, X. Jiang, S. Wu, Validation and comparable analysis of aluminum in the
popular Chinese fried bread youtiao by wavelength dispersive XRF, Food Chem.
207 (2016) 1–5.

[3] A.A. Amosova, V.M. Chubarov, G.V. Pashkova, A.L. Finkelshtein, E.V. Bezrukova,
Wavelength dispersive X-ray fluorescence determination of major oxides in
bottom and peat sediments for paleoclimatic studies, Appl. Radiat. Isotopes
144 (2019) 118–123.

[4] X.L. Li, S.Q. An, Y.X. Liu, Z.S. Yu, Q. Zhang, Investigation of a high-pressure
pressed powder pellet technique for the analysis of coal by wavelength
dispersive X-ray fluorescence spectroscopy, Appl. Radiat. Isotopes 132 (2018)
170–177.

[5] F. Claisse, J.S. Blanchette, Physics and chemistry of borate fusion. Theory and
application, Katanax Inc., Quebec QC Canada, 2016.

[6] J.P. Willis, XRF sample preparation, PANanalytical B.V., The Netherlands, Glass
beads by borate fusion, 2010.

[7] Y. Suda, A.V. Grebennikov, Y.V. Kuzmin, M.D. Glascock, K. Wada, J.R. Ferguson,
J.C. Kim, V.K. Popov, S.V. Rasskazov, T.A. Yasnygina, N. Saito, H. Takehara, T.
Carter, Z. Kasztovszky, K.T. Biró, A. Ono, Inter-laboratory validation of the
WDXRF, EDXRF, ICP–MS, NAA and PGAA analytical techniques and
geochemical characterization of obsidian sources in northeast Hokkaido
Island, Japan, J. Archaeol. Sci. Rep. 17 (2018) 379–392.

[8] E. Marguí, I. Queralt, R. Van Grieken, Sample preparation for X-ray fluorescence
analysis, John Wiley & Sons, Encyclopedia of Analytical Chemistry, 2016.

[9] J. An, B. Jeong, S. Jeong, K. Nam, Diffusive gradients in thin films technique
coupled to X-ray fluorescence spectrometry for the determination of
bioavailable arsenic concentrations in soil, Spectrochim. Acta B 164 (2020)
105752.

[10] V.C. Costa, F.A.C. Amorim, D.V. de Babos, E.R. Pereira-Filho, Direct
determination of Ca, K, Mg, Na, P, S, Fe and Zn in bivalve mollusks by
wavelength dispersive X-ray fluorescence (WDXRF) and laser-induced
breakdown spectroscopy (LIBS), Food Chem. 273 (2019) 91–98.
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Determination of mercury content in hard coal and fly ash using X-ray
diffraction and scanning electron microscopy coupled with chemical analysis,
Arab. J. Chem. 12 (2019) 3927–3942.
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