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Total reflection X-ray fluorescence (TXRF) is a rapidly developing trace analysis method due to a number of

advantages. It is a fast and multielemental method and does not require complex sample pretreatment.

Nevertheless, there are certain drawbacks (especially in the environmental analysis) where TXRF

sensitivity is not sufficient and employment of various preconcentration methods is required. The

present study suggests a very simple procedure based on a planar waveguide technique, where the
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sample to be analyzed is placed directly into the waveguide. Waveguide construction is also simple and

can be produced in any lab using two standard glass reflectors. Such an approach permits considerable
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1 Introduction

Total reflection X-ray fluorescence spectroscopy (TXRF) has
gained wide acceptance as a convenient and effective tool for
micro-analysis in numerous analytical tasks. Low detection
limits, simultaneous quantification of several elements, and
easy sample preparation make TXRF an attractive analytical
instrument in materials science," geology,” ecology,® biology,*
etc.

Nevertheless, there are certain problems associated with
TXRF and one of the major issues precluding further develop-
ment of TXRF analytical applications is insufficient sensitivity.
This problem is especially important in environmental and
medical studies where low detection limits are often required.

A conventional way of increasing TXRF sensitivity is appli-
cation of various methods for preliminary sample concentra-
tion. For example, liquid phase microextraction was applied, in
ref. 5 for Sb(m) and Sb(v) quantification at the pg L™" level. It was
suggested in ref. 6 to concentrate analytes (Cu, Co, Ni, Zn) in an
anion-exchange membrane with subsequent analysis of the
membrane with TXRF. Classical solid sorbents” and nano-sized
sorbents® can also be applied.

In addition to pre-concentration, TXRF sensitivity can be
improved in an instrumental way - by increasing the signal-to-
noise ratio. In certain cases (especially when analyte separation
to diminish interference or to address certain valence forms is
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improvement of the signal-to-noise ratio in a spectrum and allows for achievement of detection limits
for e.g. Cd and Hg at 0.12 ug L™ and 0.13 pg L~ respectively.

not required) such an increase can be sufficient to address an
analytical task without sample pretreatment. The main reason
for the background signal in X-ray spectroscopy is scattered
radiation. Thus, materials with low scattering used as reflectors
can decrease the background signal. In order to increase the
analytical signal one has to increase the density of electro-
magnetic radiation focused on the sample by enhancing the
power of the X-ray source; however this will lead to a propor-
tional increase of the background signal as well. Another way to
increase the X-ray density without increasing the power of the
source is application of special X-ray optics, such as polycapillary
optics,” planar waveguides," and multilayer X-ray mirrors."
Application of planar waveguides is the most prospective option
from the point of view of sensitivity enhancement. Such wave-
guides are three-layer systems containing finely polished (surface
roughness below tens of angstroms) parallel solid surfaces as
upper and lower layers and a gas (e.g. ambient air) layer between
them.

A standing wave characterized by high photon density is
formed in the planar waveguide due to multiple repetitions of
the total reflection of the incident wave. Normally such an
approach is employed to form X-rays with insignificant angular
divergence that are required for total reflection measurements.
However, when the sample is placed into the layer between
waveguides this leads to an enhancement of the analytical
signal due to an increase of X-ray density compared to single
reflection occurring in ordinary geometry with a standard
sample carrier. This report is devoted to exploration of this
opportunity of increasing TXRF sensitivity. A case study on the
quantification of several heavy metals in aqueous solutions
simulating surface waters was considered.

This journal is © The Royal Society of Chemistry 2017
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2 Experimental
2.1 TXRF measurements

TXRF measurements were performed with a Rigaku Nano-
hunter spectrometer using a molybdenum anode X-ray tube and
a silicon drift detector (SDD). According to the producer's
specifications the distance between the sample and SDD
element is 6 mm. The Rigaku Nanohunter allows for tuning the
excitation radiation grazing angle. Spectra were recorded at 50
kV voltage and 0.6 mA current with an accumulation time of
300 s for each sample. The incidence angle of excitation radia-
tion was 0.1° for all measurements performed in the conven-
tional geometry.

2.2 Waveguide

Planar waveguides were constructed using standard soda lime
glass reflectors for TXRF measurements with the following
dimensions: 26 x 76 x 2 mm (width x length x height). Glass
reflectors were from Matsunami Glass Ind., Ltd. (Japan) with
surface roughness around 1-2 nm. The sample to be analyzed
was placed on the glass reflector and dried (lower waveguide
layer). The upper layer of the waveguide consisted of two pieces
(30 mm long each) of another glass reflector. These pieces were
obtained by cutting the standard reflector and treating the place
of cut with concentrated hydrofluoric acid to eliminate the
edges. The two pieces were further placed on the surface of the
lower waveguide layer in a way to ensure that the split between
two pieces is right in front of the spectrometer detector (Fig. 1,
bottom picture).

The distance between upper and lower waveguide layers was
tuned by gluing double sided sticky tape on the long borders of
the lower layer. The thickness of the tape was approximately 125
pum. In order to determine the best conditions three waveguides
with different thicknesses were made (0, 125 and 250 pm). Zero
thickness refers to the case when no tape was placed between

Conventional approach

X-ray fluorescence

=

Sample X*ray \
solution ‘
Suggested approach
} - X-ray fluorescence
30 mm 4 i 30 mm
Sample X- | 2
solution ‘ i \TT

76 mm

Fig. 1 The schematic of the suggested sample-in-a-waveguide
approach.
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Table 1 Composition of two model solutions, pg Lt

A% Mn Co Cu As Mo Ag Cd Sn Hg Pb Bi

#1 10 10 10 10 5 25 5 0.1
#2100 100 100 100 50 250 50 1

200 0.1 30 10
2000 0.5 100 100

the layers and the real distance between the upper and lower
reflectors was about several nanometers (as determined by the
roughness of reflectors). 125 and 250 pm thickness corresponds
to one and two layers of the tape accordingly. The waveguides
assembled in the way described above were placed into the
TXRF instrument sample compartment in an ordinary way.

2.3 Samples

Three different series of samples were studied. At the first stage,
VOSO, solutions were employed to establish the optimal
experimental conditions (intermediate waveguide layer thick-
ness and incident radiation angle). The most concentrated
solution was prepared by the weighting method using VOSO,-
-5H,0 extra pure (Vekton, St. Petersburg, Russia) and all other
solutions were prepared by sequential dilution of the first one.
The following vanadium concentrations were prepared: 0.01,
0.05, 0.1, 0.2, and then up to 0.9 pug L™ with a 0.1 step (11
solutions in total).

At the second stage of the experiment, two multielemental
aqueous solutions were analyzed (Table 1). These solutions were
the mixtures of 12 toxic elements, the contents of which are
legislatively regulated in drinking waters (#1) and waters for
domestic use (#2). The concentrations of the elements corre-
spond to maximum allowable concentrations according to
Russian legislation.'” These two solutions were prepared using
1000 mg L' standards from Merck (Darmstadt, Germany).
Vanadium was employed as an internal standard.

At the third stage of the experiment, individual aqueous
solutions of Cd and Hg were analyzed in order to evaluate
detection limits from the signal/noise ratio. Five concentration
levels were measured for each of the elements: 0.01, 0.05, 0.1,
0.5 and 1 pug L™". The corresponding aqueous solutions were
prepared from Merck standards.

The volume of the sample was 20 pL. The solutions were
dropped onto the glass sample carrier and dried in a Binder
VD53 (Binder GmbH, Germany) drying oven at 40 °C for 30 min.
After that waveguide assembling was performed and the result-
ing construction was introduced into the spectrometer. All
measurements were repeated at least thrice and the results were
averaged for further processing.

3 Results and discussion

At the first stage, the measurements in vanadyl solutions (0.01-
1 pug L") were performed in two different geometries: with the
conventional reflector and the waveguide with 125 pm distance
and 0.1° incidence angle of excitation radiation. Signal/noise
ratios (SNR) were calculated for all the samples from the
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intensity of the vanadium characteristic Ko line at 4.51 keV (N)
and the noise signal according to:

N
VNG’

where Ny is the baseline intensity under the characteristic line.

Fig. 2 shows that planar waveguide application ensures
almost twofold improvement of the signal/noise ratio at low
concentration levels. The detection limit was determined as
a concentration of the element at which the SNR was equal to

SNR =

three and for the waveguide it was found to be 0.1 pg L™, while
for the conventional reflector it was as high as 0.4 ug L™". Two
parameters were optimized afterwards: incident radiation angle
and the distance between upper and lower waveguide layers. For
this purpose the same vanadyl solutions were measured in
waveguides with distances of zero (strictly speaking it is not zero
and it is determined by the roughness of glass reflectors), 125,
and 250 um and then with incident angles of 0° (zero angle
refers to the case when incident radiation was directed right
into the front edge of the waveguide, and thus the real incident
angle will be determined by the beam divergence), 0.05° and
0.1°. No improvement was observed for 250 pm distance
between the slides (Fig. S1 in the ESIT). At 125 um distance
a certain SNR increase can be observed. Although this distance
is too high for multiple radiation reflection under the experi-
mental conditions, this improvement can be attributed to
additional collimation of radiation by the slides of the wave-
guide. Thus, scattered radiation is being reduced and the SNR
increases. At “zero” (actually determined by the roughness of
the glass reflectors) distance, besides the collimation effect,
multiple radiation reflection can take place providing further
SNR improvement. So, the optimal SNR values can be achieved
at zero distance between the waveguide layers.

As a demonstration, Fig. 3 shows the vanadium spectra taken
under different conditions. Fig. S2 (ESIt) shows separately the
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Fig. 2 Comparison of SNR for the conventional reflector and wave-
guide geometries determined for the vanadium characteristic Ko line
(4.51 keV).
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Fig. 3 Spectral regions relating to the vanadium signal (Ke, KB) for 0.5
ng L™ vanadium solution in three set-ups: (a) original reflector at the
0.1° incident angle; (b) waveguide with 125 um distance between the
reflectors at the 0.1° incident angle; (c) waveguide with “zero” distance
between reflectors at the 0° incident angle.

intensity of the vanadium Ko line and the corresponding
background signal. It can be seen from Fig. S2 that at 125 and
250 um distances the signal itself remains almost constant,
while there is a certain decrease in the background. When the
distance becomes “zero”, both the signal and the background
decrease due to the reduction of radiation quantity; however
this should not affect the SNR value. At the same time the SNR
increases due to multiple reflections in the waveguide leading
to signal growth. Fig. S31 shows that the incident angle at “zero”
distance providing the best SNR is the 0° angle. More than
twofold improvement of SNR was observed under these condi-
tions. The influence of the incident angle was smaller than that
of the distance. The vanadium detection limit under optimized
conditions was 0.01 pug L™".

At the second stage of the experiment, two model solutions
containing the mixtures of 12 toxic elements at the concentra-
tion levels prescribed by local legislation for drinking waters
(#1) and waters for domestic use (#2) were analyzed. Both the
conventional reflector and proposed waveguide were employed
for the measurements. The calculation of elemental content was
done using the internal standard method with vanadium as
a standard. Additionally the content of elements in model
mixtures was confirmed by atomic emission spectroscopy with
an inductively coupled plasma (ICP-AES) Shimadzu ICPE-9000.
The results are given in Table 2. The TXRF-PW methodology

This journal is © The Royal Society of Chemistry 2017
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Table 2 Content of the studied elements in model mixtures determined by ICP-AES, TXRF with the conventional reflector (CR) and TXRF with

the planar waveguide (PW), n = 3, p = 0.95

TXRF-PW, pg L*

TXRF-CR, pg L™*

ICP-AES, ug L™*

Element Mixture #1 Mixture #2 Mixture #1 Mixture #2 Mixture #1 Mixture #2
Bi 3.6 = 0.5 118 £ 15 n/d 112 £ 15 4.1+ 0.4 120 + 12
Cd n/d 1.04 £ 0.13 n/d n/d 0.12 £ 0.03 1.2 £ 0.1
Co 6.0 + 0.78 153 £+ 20 5.9 £ 0.8 158 + 21 5.7 £ 0.6 161 +£ 2
Mn 27 £ 3.5 128 +£ 17 25+ 3 123 £ 16 24 £+ 2 120 + 12
Cu 2.8+ 0.4 89 + 12 n/d 99 + 13 3+0.3 95 + 10
Hg n/d 0.82 £ 0.09 n/d n/d 0.11 £ 0.02 0.68 £+ 0.07
Pb 13.7 + 1.8 91 £+ 12 11.2 £ 1.5 96 + 13 12.6 + 1.3 86 +£9
Ag 7.5 +1 65+ 8 n/d 64 £ 8 7.3 £0.7 67 £7
Mo 25.1 £2.3 195 £ 25 26 3 208 £+ 27 23 +3 214 £ 2
Sn 301 £ 33 1700 + 221 309 + 40 1751 £ 228 312 £ 31 1780 4+ 178
As 7.0 £ 0.9 67 £9 8.4 +1.1 72 +9 7.2 +0.7 69 +7

allows for reliable quantification of all the elements in model
mixture #2 (domestic waters), while TXRF-CR fails to quantify
Cd and Hg. In mixture #1 (drinking waters), CR was unable to
determine Bi, Cd, Cu, Hg, and Ag, while PW could help deter-
mining almost all the studied elements except Cd and Hg. It is
worth noting that this significant improvement of analysis was
achieved by very simple means, without any sample manipu-
lation, like e.g. preliminary concentration. A separate study was
performed to establish the detection limits of the PW method-
ology towards Cd and Hg. The detection limit was determined
as a concentration of the element at which the SNR was equal to
three. The Lo lines of the elements were employed (3.13 keV for
Cd and 9.99 keV for Hg). In the case of Hg the achieved detec-
tion limit was 0.13 pg L™, which is higher than that of one of
the best values reported in the literature for a sophisticated
electrochemical enrichment procedure (0.004 pg L™ (ref. 13)).
However it is better than e.g. detection limits obtained with
preconcentration on silver nanoparticles (0.55 pg L™" (ref. 8)).
The observed detection limit of Cd was 0.12 pug L™, which is
better than the values reported in the literature for dispersive
micro solid-phase extraction, using multiwalled carbon nano-
tubes (MWCNTS) as solid sorbents (1 pg L™ " (ref. 14)). However,
this result is somewhat worse than the Cd detection limit with
the dispersive liquid-liquid microextraction approach (0.04 pg
L' (ref. 15)). It must be pointed out that the PW approach
suggested in this study does not require complex sample pre-
concentration techniques and all the measurements are per-
formed with the sample as is. However, pre-concentration can
still be an important part of the TXRF measurement protocol,
especially when matrix interference has to be eliminated or
various forms of the same element have to be analyzed.

4 Conclusion

Avery simple procedure based on a planar waveguide technique
was suggested in this study to improve the sensitivity of the
TXRF method perceptibly. The placement of a sample directly
onto a planar waveguide allows for increasing photon density in
the sample and for minimizing scattered radiation. The

This journal is © The Royal Society of Chemistry 2017

application of this approach leads to a considerable improve-
ment in the signal-to-noise ratio in a spectrum. The advantages
of the proposed method were demonstrated for metal quanti-
fication in aqueous solutions of complex composition. The
observed detection limits for the studied elements were signif-
icantly lower than those obtained in a traditional way. We see
a very high potential of the sample-in-a-waveguide approach for
the development of simple X-ray optics without complex colli-
mation and monochromatization devices employed in tradi-
tional TXRF, since the conditions for total reflection can be
formed directly in a waveguide.
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