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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

Thle procedures used to develop this document and those intended for its further mainte
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The committee responsible for this document is ISO/TC 201, Surface chemical analysis.
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scribed in the ISO/IEC Directives, Part 1. In particular the different approval criterianeed
ferent types of ISO documents should be noted. This document was drafted in accordanc
torial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

ention is drawn to the possibility that some of the elements of this document'may be the
fent rights. ISO shall not be held responsible for identifying any or all such patent rights.

) patent rights identified during the development of the document willk’be in the Introducti
the ISO list of patent declarations received (see www.iso.org/patents);

y trade name used in this document is information given for the convenience of users an
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essment, as well as information about ISO’s adherence to.the WTO principles in the Technic:
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Introduction

Total Reflection X-Ray Fluorescence (TXRF) spectroscopy is a reliable technique for chemical analysis.
TXRF today is employed in electronic industry quality control. TXRF is also a powerful multi-elemental
method for trace and ultra-trace analysis of different kind of samples that can be grouped as follows:
environmental samples (as water, soil, aerosols, deposits, plants), geological and mineralogical samples
(as ore, crystals, mineral raw materials), technological samples (as petroleum and petroleum products,
thin films, wastes, metals, polymers), biological samples (as blood, serum, urine, human tissue), food

samples (as fis
cell culture aj, d acorogrcar,—ar T, ana 10 anIp T oa
quantitative analysis and depends on the sample and its aggregate state.

h, fruit, meat, nuts, mushroom), pharma and biomedical samples (as pharmaceuticals,

he

Because of its capability to analyse different kinds of samples, TXRF is suitable for chemical metrolagy

at the nan

The key a

a)
b)

‘)
d)
e)
f)
g)

Vi

oscale, both for heavy metals and light elements in environmental and biologicalanalysis.

lvantages of TXRF are the following:

simulfaneous multi-element trace analysis including halogenides;

analypis of very small sample amounts (lower than nanograms to micrégram range depending|on

samp

simplpe quantification using an internal standard and possibility efdeference-free quantification

e preparation and condition);

suitalple for various sample types and applications;

theorgtically low matrix or memory effects;

relatiyely short time is required for measurement collection;

high-{

ensitivity, low-detection limits depending'on sample (elements) matrix, preparation methpd,
and ifgstrumentation.
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Surface chemical analysis — Use of Total Reflection X-ray
Fluorescence spectroscopy in biological and environmental
analysis

1 _Scope

Thlis Technical Specification provides a framework on the uses of Total Reflection X-Ray Flu|orescence

(T

KRF) spectroscopy for elemental qualitative and quantitative analysis of biological and ehvil

samples. It is meant to help technicians, biologist, doctors, environmental scientists/and envij
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3.1

bineers to understand the possible uses of TXRF for elemental analysis by providing the gui
characterization of biological and environmental samples with TXRF spectroscopy.

asurements can be made on equipment of various configurations, frefntaboratory instr
rchrotron radiation beamlines or automated systems used in industry:

Thlrns Technical Specification provides guidelines for the characterization of biological and envii

ples with TXRF spectroscopy. It includes the following: (a)’description of the relev3
sample preparation; (c) experimental procedure; (d) discussions on data analysis 3
erpretation; (e) uncertainty; (f) case studies; and (g) reférences.

Normative references

normative references cited in this document.

Terms, definitions, symbols, and abbreviated terms

1 Terms and definitions

" the purposes of this docuanient, the following terms and definitions apply.

A
mple carrier
[ substrate where the specimen is deposited

fe 1 to entry:(Phe reference surface corresponds to the flat surface of the sample carrier, where
5. The most'important feature of the sample carrier is to be a reflector/mirror for X-rays. Surface
trix, and.contamination of the sample carrier have an impact on TXRF measurements.

2

rfonmental
ronmental
Helines for

uments to

ronmental
nt terms;
nd result

he residue
roughness,

re

sidue

specimen that lays on the sample carrier to be measured
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3.2 Symbols and abbreviated terms

ppm
ppb
MW
APDC

MIBK

concentration in part per million range

concentration in part per billion range

Microwave [used to describe the method of digestion (acidic MW digestion)]
Ammonium pyrrolidine dithiocarbamate

Methyl isobutyl ketone

AAS
GF-AAS
ICP-MS
IS
INAA
LPME
FWHM
IR

QC

SR
XRT
XSW

4 BacK

4.1 Pre

TXRFis a
and imput
in semicol

In the TX
sample at
the criticd

Atomic Absorption Spectroscopy

Graphite Furnace Atomic Absorption Spectroscopy
inductively coupled plasma-mass spectroscopy
internal standard

Instrumental Neutron Activation Analyses
liquid phase microextraction procedure

full width at half maximum

infrared

quality control

Synchrotron radiation

X-ray tube

X-ray standing wave

ground

liminary remarks

surface elementalanalysis technique often used for ultra-trace analysis of particles, residy
ities on smopth surfaces. TXRF is currently a key tool for wafer surface contamination cont
1ductor chip.manufacturing.

RF experiment, the monochromatic X-ray beam impinges on the sample holder carrying
very small angle, causing total reflection of the beam. The glancing beam angle shall be bel

es,
rol

l@ngle of X-ray total reflection, differently from XRF method, where both the glancing be

and the detection angle are at 45°.(1f Figure L sShows XRF and TXRF geometries.
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Due to the low glancing beam angle, in TXRF the detector ¢an be arranged close to the samp

:

to
be
do
thg

TX
for
the

saples, respectively. An advantage of TXRF over AAS and ICP-OES and ICP-MS is the pos

de

TX
an
Co
ted

Re
a s
ele
of

Lig

geometry: X-ray incident beam angle is near to 0° and detector position is 90° with re

y
X-ray generator

energy dispersive detector
irradiated sample area

Figure 1 — a. XRF conventional instrumental geometry: X-ray.incident beam angle
uorescence detector angle are 45° with respect to the samplesurface; b. TXRF instr

the sample surface.[2]

 and
1mental
spect to

le leading

h higher fluorescence yield with respect to the conventional XRF geometry. The monochro

fluorescence intensity.

RF detection limits are comparable or better of those that can be obtained by FAAS,
mer technique is more sensitive in teriws of total sample amount.[1] Table A.1 and Table

tic X-ray

hm illuminates the sample and it is totally reflected: The great inherent advantage of TXRF is the
ible excitation of the sample by both the primatyand the reflected beams, leading to a dpubling in

while the
A.2 show

comparison of the detection limits-of TXRF, AAS, and ICP analysis of environmental and

ect halogenides.

RF can be used to perfofm*qualitative and quantitative multi-element analysis. For qy
hlysis, an internal standard, i.e. an element absent in the sample (for example, V, Sc, Ga, G
, is added to the samiple aliquot. Reference free TXRF analysis for quantification and quali
hnically possible anid has been proposed several times and is employed at some facilities.

ample prepdration procedure without digestion allows more accurate analysis of sonj
ments, as Hg, As, or Se, which can be reduced by the sample preparation. Table 1 shows a c¢
bome.characteristics of TXRF, AAS, and ICP-MS.

ht-elements (Z < 11) are not detected efficiently with commercial spectrometers bec

biological
sibility to

antitative
e, Se, Y, or
fication is

sulting benefifs, of TXRF are significantly reduced background noise and matrix effects. I addition,

le volatile
mparison

huse their

fluorescence signats are absorbed before detection. HOwever, USing the vacuum chamber spectrometer,
the proper excitation energy (e.g. Cr-Ka, Rh-L...), and the suitable detector with Ultra Thin window, the
detection down to Carbon is possible.

The detection limits for specific element depend on the X-ray tube. For example, by using Mo X-ray tube,
only the L-lines of some elements (such as Cd, Sn or Sb) can be detected. Because of the low energy of
L-lines and their possible overlapping with K-lines of Cl, K, and Ca, the quantitative analysis for these
elements is not reliable.

©lI
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Table 1 — Comparison between TXRF, AAS, and ICP-MS

Property TXRF AAS ICP
Technique used Non-destructive technique Des_trucfave tech.nlque Des_trucfuve tech.mque
(digestion required) (digestion required)
Calibration Single-standard Multi-standard Multi standard
calibration (internal) calibration (external) calibration (external)
Sample presentation soluthns, SUSDENSIONS, solutionsa solutionsa
particles, thin films
Multi-elfment analysis Yes Sequential only Yes
Digestilon procedure Not necessary Yes Yes

a  GF-AAS

and LA-ICPMS allow the analysis of solid samples for special applications.

5 Instfumentation

5.1 Ins
The TXRH
— sourc
— aspe
— samp
— energ
— data{

Waveleng
(not alway
performa

51.1 X;

5.1.1.1

The X-ray)|
The electy
ceramic X

X-ray tubsg
the chara
of charact

'rumental requirements

spectrometer consists of the following:

ps of X-ray radiation like high-voltage generator and X-ray tubes or synchrotron radiation;
tral modification element like a monochromator or a cut<off reflector, if necessarys;

e station for handling the sample carrier;

y-dispersive detector;

cquisition unit.

th, voltage, and current of the X-ray, tube, the presence of a spectral modification elem
’'s necessary), detector type, and glancing angle are the most relevant parameters. Today
ces of TXRF instruments are infproving due to innovative X-ray optics.

ray sources of radiation

X-ray tubes

tube is a devicéAfor the production of X-radiation via electrons striking an anode mater
ons required-are emitted from a heated cathode and are accelerated by a high voltage. Tod
ray tubes ¢eoled by air (low-power X-ray tubes) are also available.

voltage-is the high voltage applied to the X-ray tube that determines the relative intensities
teristic X-ray lines. The maximum allowed high voltage is normally 60 kV. The optimum yi
etistic X-ray lines is obtained when the tube voltage (in kV) is about 3 to 4 times the energy

bnt
he

jal.
ay,

of
eld
r of

the absorption edge of the anode material (in KeV]J.

The anode material of the X-ray tube is the material that is struck by accelerated electrons. The anode
material determines not only the characteristic X-ray lines emitted by the X-ray tube but also the
intensity of the Bremsstrahlung. The latter is proportional to the atomic number of the anode material
and to the square of the applied voltage.

Types of X-ray tubes that can be used:

— Side-window tube X-ray tube from which the X-radiation is emitted perpendicular to the axis of the

tube.

— Fine-focus X-ray tube side-window tube with a fine, collimated, either point or line-shaped beam

profil

e.

© ISO 2015 - All rights reserved
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nt metals,

The element of the XRT cannot be properly detected, and other elements (such as Cd, Sn, Sb, and Pb
when Mo tube is used) can be identified only by means of their L lines. When the quantification of these

elements is necessary, the XRT source shall be changed.[3]

5.1.1.2 Synchrotron radiation

The use of synchrotron radiation (SR) as primary excitation source can increase the overall sensitivity

of - - - produced

as|a natural by-product of circulating or oscillating electrons in a storage ring. It contains all the

wavelengths of the electromagnetic spectrum and is 100 or more times powerful than anXsray|generator
of 4 commercial instrument.[4]

The advantages of SR are:

— | High incidental flux combined with low divergence which results in higher fluorescence intensities
and so lower detection limits.

—| Reduced elastic scattering of the incoming beam due to its linear’polarization in the orbital plane
(Detector has to be placed in the orbital plane to make use of this).

— | The spectral background, which is already reduced by total'reflection, is further lowered.

—| The tunability of SR allows improving the sensitivityfor special elements (by increasing the photon
absorption cross section when setting the excitation-energy right above the absorption gdge of the
respective element).

5.1.2 Monochromator

A monochromator is a device for the selection of a narrow spectral region. A dispersive medjium is the

mdin constituent of the monochromatot.-It consists of an arrangement of two multilayers which select

the X-ray radiation, according to the.Bragg law. Low-pass filters can also be used as monochro
they are less effective. Crystal monoeehromators are also used with synchrontron radiation, es
TXIRF is combined with XANES,‘as the high spectral resolution is required for XANES.

5.1.3 Detector

Defector is one of thekey tool for TXRF analysis. It collects the characteristic X-ray radiatiq
by|the sample, aceording to the drift chamber principle. The following materials are usual
solid-state detettors: Li doped Si or Ge single crystals, high purity Ge single crystals. These
ar¢ describedby the following acronyms respectively: Si (Li), Ge (Li), Si-PIN, Si drift, or HPGe

Defector_parameters are: energy resolution, efficiency, and dead time.

Resolution is the capability of distinguishing between two nearly equal wavelengths. T

mator but
pecially if

n emitted
[y used in
detectors
detectors.

he energy

resolution of a detector expressed as the full width at half maximum (FWHM]Jof a peak. F
based detectors, the FWHM of Mn-Ka line at 5,9 keV is taken as reference value. Typical
the resolution lie in the range from 120 keV to 150 keV, depending on the size of the detect

Detector efficiency is the ratio of output signal (peak intensity) to the input signal (photo

or Silicon-
values for
or crystal.

n rate) at

a given energy. The detector sensitivity only accounts for the photons that reach the detector. The
overall sensitivity of system taking into consideration the system geometry is usually significantly
lower. The sensitivity varies within the range 10 % to 100 %, depending on the energy of radiation
and the type of detector. An important issue of the detector efficiency is also the absorption of the
Be window. To improve the efficiency in the low-energy range, ultra-thin windows (UTW) are used;
this allows the detection of low energy radiation of elements. Only in the high-energy regions the

thickness of the crystal influences the efficiency.

© ISO 2015 - All rights reserved
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The dead time is the time period following the arrival of a photon in the detector in which the pulse
processing takes place and during which no new photons can be registered. The dead time (dead
time loss) is given as the ratio of the dead time to total time.

Depending on the detector, artificial signals and background noise might be created. Escape peaks, pile-
up peaks, shelf and tail will appear in the spectrum depending on the energy that is registered by the
detector. Thus, when a photon with definite energy escape from the detector-active region, an escape
line appears. For silicone-based detectors, the escape peak lies at an energy which is lower than the
main peak by an amount corresponding to the Si-Ka energy (1,74 keV). Pile-up peak is caused by the
simultaneous processing of two X-ray photons that the detector registers as a single event: it is a sum

peak app
collection

5.1.4 S3gmple station

. b d=l £ . et e 1. - d=l AV4 d Tl - 1o 1
dl'Tllg LU LIIT SUIIT UI'TIICT S1TS5 U TWU HILCTISTIIICS TIT UIT AT dy SPCCULTULIL TTIC HTICUIITPICLC Ulld

ge

in the detector causes shelf and tail lines. All detector artefacts have to be considered duvjng
the analydis and compensated for electronically or via computer operations.

A sample gtation is used for automatic and repeated measurements of multiple samples>It also separates

the radiat

The data @cquisition unit is a stand-alone computer, which is connected to the-apparatus for contro

the data a

5.1.5 (Critical and glancing angle

The choic

reflectivitly of X-rays for different glancing angles.

Figure

ed measurement area from the sample interface and protects the operator

cquisition, data evaluation, and storage.

e of the glancing angle of the X-rays beam is critical for TXRF analysis. Figure 2 shows

2 — Reflectivity curves of three different media calculated for E = 17,4 keV (Mo - Ka)

of

he
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The critical angle of total reflection is given by Formula (1):

1,65 /Z
 crit ZT A_mp
m

where

Qcrit is the critical angle;

E  isthe photon energy in radiation;

To
Sin
sul

5.

B
pr
Sp

Ag

D

d)

5.2

.4.1 Stability check of X-ray beam

Zm is the mean atomic number of the medium;
A is the mean relative atomic weight of the medium;
p s the density of the medium.

have total reflection, the glancing angle for TXRF experiment shall be smaller than the crit
ce the critical angle depends on the substrate and the beam energy, the'glancing angle mig
psequent adjustments.

. Quality control of TXRF spectrometer

fore starting the measurement, the stability of thé<X!ray beam shall be checked accord
pcedure suggested by the spectrometer producéd. To operate, the main switches of
ectrometer and the high voltage shall be on.

eneralized procedure for stability check with' a specific example is reported as follows:

Preparation of a suitable test sampléiTransfer 10 pl a standard solution (1 g/l, e.g. Ga
sample carrier.

Data acquisition: Define Region”of Interest (e.g. 8,9 keV to 9,5 keV in case of a Ga stand
repetitive measurements.

Data evaluation: Qualitative prove of the count rate in dependence of the measurement
the count rate reachéga stable value.

Required failuresaction: Authorized service engineer needs to be consulted in case of a dg
the count rafe of more than 1 % after 30 min run.

.2 Spéctroscopic resolution

)

ical angle.
ht require

ing to the

the TXRF

on TXRF

ard). Run

time until

bviation of

Th

spectroscopic resolution has a significant influence on the analytical performance

spectfometer. The monitoring of the parameter is performed as described in the following p

f a TXRF
cedure:

A generalized procedure for monitoring the spectroscopic resolution with a specific example is reported

as

a)
b)

‘)
d)

©lI

follows:

Checking the instrument status: 60 min warm-up phase at maximum tube power.

Preparation of a Mn standard: Transfer 10 ul of a 1 g/1 Mn solution on TXRF sample carrier and dry.

Target value for count rate is >5,000 cycles per second.

Data acquisition: Set measurement time (live time) to 60 s to 120 s and store acquired sp

ectrum.

Data evaluation: Calculate FWHM following the specific procedure of the TXRF device and save new

value.

SO 2015 - All rights reserved
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e) Required failure action: An authorized service engineer needs to be consulted in case of a FWHM
value with a deviation of more than 10 % compared to the delivery status.

5.2.3 Energy calibration

Energy calibration is performed with respect to the position of measured X-ray lines of the elements
of calibration samples. Energy calibration is performed by adjustment of channel/energy ratio or gain
correction of the amplifier hardware directly by software. TXRF instrument has one of the above
correction functions or both. Energy calibration should be carried out frequently enough to ensure
that the uncertainties if the analysis are not significantly increased. A set of reusable samples could be
used for the calibration of the energy. For this purpose, residue samples prepared from single or plural
element sglutions, or sample carriers coated with pure metals can be employed.

A generalized procedure for the gain correction with a specific example is reported below.
a) Initia] condition: Gain correction shall follow after completion of the stability check.

b) Prepdqration of a test sample: Transfer 10 pl of a 1 g/l standard solution on TXRE-sample carrier gnd
dry.

c) Data acquisition: Set measurement time to 60 s to 120 s, start measurement, monitor count rate; it
shall ¢xceed 5,000 cycles per second.

d) Calcu]ation of new gain value: Calculate the gain factor followingthe specific procedure of the TXRF
devicg and save new value.

e) Repetition of the gain correction: During automatic measurément jobs, the gain correction shopild
be repeated regularly, if possible once per two hours.

f) Required failure action: Strong changes of the gain values indicate abnormal deviations for the
nominal value. In this case, a service engineer shotrld be consulted.

g) Storage of the test sample: This test sample can be used for up to six months if it is stored safely in
a confainment and does not show significant contaminations.

5.2.4 Sensitivity test

The sensifivity is determined by the’ measurement of single element sample and it is defined as the
detected flluorescence intensitynormalized by mass, time, and tube current. The sensitivity is primarily
affected Qy the quality of the-beam adjustment and by the deterioration of the X-ray tube. When the
sensitivity decreases below,'60 % of the original value, the quality of the beam adjustment shall|be
checked. If the sensitivity 5 still low after the adjustment, XRT shall be substituted.

6 Spedimenpreparation

6.1 Preliminary remarks

TXRF is used for the analysis of liquids, with or without pre-concentration treatment, and solid samples,
after decomposition, dissolution or suspension procedure, deposited on carrier with high reflectivity.
Liquid samples shall be dried before measurements. In some cases, as for aerosols, sample can be directly
collected on the sample carrier.

Detailed information on types of sample carriers and sample treatment procedures for the analysis of
liquid and solid samples in chemical analysis by TXRF are presented in this section.

8 © IS0 2015 - All rights reserved
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The choice of the proper sample carrier shall consider the elements to be measured, chemical resistance
of the reflector material and its spectral background. In Table 2, advantages and disadvantages of the
most commonly used sample carriers materials are given.

Table 2 — Advantages and disadvantages of commonly used sample carrier materials

Material Advantages Disadvantages
Inexpensive High backgraund
Plexiglass
Disposable Frequently pfiesénce of S
Very hard Not stable'against HE
Quartz glass Very pure Presence of Si peaks

Easy to clean Expensive

Presence of Al peaks

Chemically stable
Sapphire Very expensive
Durable
Natural material, can contain impurities
Presence of Si peaks
Silicon wafer Very pure Expensive
It should be cut and sized
Inexpensive
Soda lime glass Possible presence of impurity peaks
Disposable

The mechanical performance of sample cat'riers is crucial: despite the fact that the reflectors dqre usually

md

W
co
an

6.2

In

representationof'the main cleaning procedure steps is shown in Figure 3.

de of very hard material, they can be:damaged by inappropriate handling, increasing the background.

en using non-disposable reflectors, a proper cleaning of the surface shall be ensured to avoid
tamination. Contamination on the sample carriers will result in systematic errors of both qualitative
l quantitative analysis.

.2 Cleaning procédure for sample carriers

Lhe course of timy€)TXRF users have developed specific procedures for the cleaning of reflectors. The

Cleaning solution

Mechanical pre-cleaning ]
(alakline laboratory detergent)

Nitric acid 10%

»

3

Th

(tissue and acetone) i
Fatifig heating
TXRF Drying oven ‘ MilliQ water
measurements (80°C) heating

Figure 3 — Main steps followed for the cleaning of sample carriers

e time for each step has to be tested. Usually, to ensure the complete cleaning of sample carriers, the

whole procedure takes about 2 to 3 h.

After the cleaning procedure, a blank spectrum has to be measured for each reflector in order to ensure
the absence of contamination.

©lI
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It shall be noted that the cleaning procedure and surface preparation of the carriers have impact on
the quantification procedure. In particular, the surface of sample carrier might be modified during the
cleaning and preparation procedure and this modification is not reproducible, leading to systematic
errors in the analysis. Disposable carriers might show different backgrounds. Thus it is strongly
suggested to record the background of the sample carrier before sample deposition and make the
estimation of the background signal.

In the case of aqueous samples after the drying step, non-hydrophobic carriers (i.e. quartz reflectors)
shall be coated with silicon solution and subsequently dried in order to favour the deposition of the
target sample within a small spot on the cleaned reflector.

6.3 Sample treatment procedures for chemical analysis by TXRF

The sample preparation is not important in case the quantification is performed by XSW.An the other
cases, several treatment procedures have been proposed for the analysis of liquid and selid samples|by
means of TXRF. Usually, the preparation processes allow to obtain thin layer sample (thigkness less tHan
100um) oh the reflector carrier. The choice of proper sample preparation is crucial in*order to ensiire
the total rfeflection conditions. A flow chart describing the sample preparation stépsfor liquid and sqlid
materials|is shown in Figure 4.

Liguid Separation [
samples " Preconcentration
| s -
B
—> Diss olution ——
— Suspension —
—M Extraction AC\__
Figurp 4 — Sample preparation procedures for the analysis of liquids and solids by TXRF
Internal sfandardization is one,of the most used strategies for quantification purposes in TXRF analysis:

it is based on the addition of ‘a~“defined amount of liquid mono-element standard [internal standard
(IS)] to thee sample. To select\the concentration of the internal standard, one shall verify the follow|ng
condition$:

a) TheI$ is not presént in the sample, usually Ga, Co, V, Y or some other Rare Earth Element are us¢d;

b) The fluoreseence lines of the IS do not interfere with the elements to be identified and quantified,;

c) The doncentration of the IS shall be in the average concentration range of the elements to|be
quantified.

This procedure is applied to liquid samples, digested samples, and suspensions. The use of internal
standard reduces the inaccuracies due to sample deposition on the sample carrier.

6.3.1 Liquid samples

For liquid samples with light matrix, TXRF analysis should be performed by depositing a small volume
on suitable reflector. For the quantitative analysis, the aliquot of 500 pL to 1 000 pL of the original liquid
sample is transferred to the container with a pipette and the sample is prepared by adding the suitable
amount of internal standard solution. The mixture shall thoroughly be homogenized (automatic sample
shaker is strongly suggested) and the drop of the solution is deposited on the carrier and dried (see

Figure 5).
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aliquotation of some mL

addition of some pL of internal standard
homogenization by shaking
aliquotation of some pL

pipetting on a clean carrier

drying by evaporation

Figure 5 — Sample preparation steps for the-TXRF analysis of liquid(1!

the carrier. However, by these procedures, homogeneous distribution of the internal stang
tain.

" the analysis of organic liquid samples, the IS shall be diluted in an organic solvent to gua
mogeneous distribution of the IS in the sample.

v microlitres (from 5 pL to 20 pL) oflsolution are needed for the sample preparation. The
the sample spot on the carrier shall’be within the beam size (usually less than 10 mm) i
sure the complete exposition of the drop to the X-ray beam. If a higher sensitivity for specif]
eeded, multiple droplets (frdm two to a maximum to be estimated with respect to the crit
uld be deposited sequentially on the same spot, allowing each droplet to dry before the
bosition. The drying step)should be performed in vacuum or by a dryer, with IR-lamps, 1
bns, or heating plates) ‘Contamination effects shall be excluded by testing a refereng
odroplets or pico<droplets are suggested to attain reproducible spot and decreasing the d
s to 170 s for-23iL droplets).[2] A new technique for the deposition of standard solutioy
flection X-ray)Fluorescence spectrometry (TXRF) using pico-droplets generated by ink-je
l its applicability for aerosol analysis with SR-TXRF are discussed in literature.[0][Z] TH
bparationnmethods can be used when small quantity of the sample is available.

nly asmall quantity ofliquid is available, the internalstandard (IS) can be added to the samplle directly

lard is not

Fantee the

diameter
h order to
ic element
ical mass)
following
aboratory
e sample.
'ying time
1s in Total
t printers
is sample

h thie liquid sample the concentration of saltsis high, the dry spot on the carrier appearsinho

prder to comply with the thin layer condition, dilution of the liquid sample is then necessar

ogenous.
Dilutions

by ultrapure water or diluted solutions of a commercial non-ionic detergent (i.e. Triton® X-1141) are
suggested. Alternatively, the addition of a film-forming lubricant, e.g. polyvinyl alcohol (PVA), can be
used to facilitate homogenous sample layer formation.[8]

If the element concentration to be quantified is lower or close to the detection limits, preconcentration
procedures can be applied. The determination of volatile elements and the attainment of element
speciation information is also possible when using specific sample treatments before TXRF analysis. For
instance, Hg, difficult to measure because of sample losses during the drying step, can be determined at
trace levels by with the help of complexing agents.[9]

1) Triton® X-114 is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.
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6.3.1.1 Sample preconcentration

Sample preconcentration treatments are commonly used for analysis of liquid samples by means of
atomic spectroscopic techniques such as flame atomic absorption spectroscopy (FAAS) or inductively
coupled plasma atomic emission atomic spectroscopy (ICP-AES).[10] These procedures can also be
applied for the preparation of TXRF samples.

The preconcentration procedure suggested for TXRF analysis are based on complexation and extraction
of the analytes. In Figure 6, the main steps of this procedure are shown.

Metallic complex

‘ ! Organic solent ‘

[anal;ﬁes]

TXRF . Q

@

Figure 6 — Main steps of preconcentration procedures based on complexation and extraction of
the analytes prior TXRF analysis

Solid-liquid extraction and liquid<liquid extraction are based on the complexation of elements unger
investigatiion using carbamateg-followed by solvent extraction with an organic reagent. Then, the watler-
immiscible liquid phase is collected and dried on a sample carrier before analysis.

A reducti¢n of limits ofdetéction can be achieved by the use of cation exchange columns to decrease
cationic npetal contentdn the target solution. Using this approach, cation species are retained in the
cation ex¢hange column whereas anionic species remain in the target solution and can be therefpre
determingd. This-procedure has been already applied for selenium determination in soil leachafes
containing highamounts of Zn and Ca.[11] [12]

Since the ek he tre en :
different methods for the analy51s [13]

6.3.2 Solid samples

TXRF technique can be applied to the analysis of solid samples with or without sample treatment
procedures (i.e. dissolution, suspension, decomposition).

The direct analysis of fine powder sample entails the deposition of few grains on the sample carrier by
means of an clean cotton wool bud (Q-tip) as sampling device. This procedure can be applied for the
analysis of scarce or high valuable samples. With a dry cotton bud, a few grains are rubbed of carefully
from the area of interest and deposited on a sample carrier coated with a thin layer of vacuum grease.
Since the detector is placed close to the carrier, sample thickness shall be lower than detector distance
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from carrier surface (i.e. 0,5 mm) to prevent damages. This preparation procedure is not suitable for
quantitative analysis and only the element percentage can be obtained. In Figure 7, an example of
sampling of small particles of an ink-written letter from a parchment is shown.

b.

Fo

Dij
to

de
to

su
of
trd

For

Figure 7 — Sampling of small particles of an ink written letter from a parchment for
analysis, a. Sampling using a Q-tip; b. Deposition of small particles on the sample c3

" quantitative analysis, solid samples have to be dissolved or transferred into@Suspension|

achieve limits of detection at the mg/kg to pug/kg range. The choice\of the preparation
bends on the sample. Always, high-quality reagents (i.e. SuprapurCgirality) have to be use
avoid contaminations. All the reagents shall be checked before ‘use. The use of a microwad
poested to avoid analyte losses and contamination from other’samples or from the surr
en itis necessary to concentrate the solution to achieve thetrequired sensitivity and precon
atments shall be performed.

suspensions, diluted solutions of commercial nentionic detergents (i.e. Triton® X-

commonly used. The sample shall be powdered, with‘grain sizes smaller than 75um by usin

de
an
thg
(sa

pe
[14

Aff
of

ices (mortar, ball mill etc.). Typically, 20 mg to 100 mg (depending on the available samp
1 homogeneity) of the sample are weighed in glockable container with a volume of about 1
detergent solution. A blank sample is alsa\needed. The choice of adequate suspension con
mple/dispersant ratio) is crucial: if thé)condition of thin layer is not reached, the analy
rformed under total-reflection conditions and important errors on the analytical results are

er the dissolution or suspension of the sample, to perform quantitative analysis, the prop
S shall be added. After theraugh homogenization, few microlitres of the mixture are drop

sanple carrier. Otherwise,thesample can be weighted and the given mass of ISadded. The conc

arg

If 4

usually calculated inug/kg.

se
an
re

6.3

olid samples contain high amount of organic matter, as in the case of some biological sa

lytical results: In fact, these procedures allow the gentle oxidation of organic matter, v
(15]

}aration of the hiatrix by cold plasma or microwave ashing is strongly suggested to im

uces thethickness of samples optimizing the conditions for TXRF experiment.

.3 A _Preparation of the Internal Standard solution

TXRF
\rrier

solution procedures similar to those employed for atomic spectroscepic analysis cap be used

brocedure
d in order
ve oven is
oundings.
rentration

| 141)) are
g suitable
e amount
to5ml of
rentration
/sis is not
expected.

br amount
ped to the
bntrations

mples, the
prove the
vhich also

Fo

C the preparation of the Internal dStandard, the use oI balance imstead o volume 1s strongly

since the weight value is generally more accurate and precise. An example is reported below.

EXAMPLE

uggested,

In this example, a generalized procedure for the preparation of an IS solution of Ga with

concentration 1 mg/l from a standard solution with concentration 1 000 mg/l1 is reported. Perform two-step
dilution from the original standard (Ga concentration [Ga] =1000 mg/1): a) Firstdilution 1:10 from [Ga] =1 000 mg/1
to [Ga] = 100 mg/l1; b) Second dilution 1:100 (in the specimen) from [Ga] = 100 mg/I to [Ga] = 1 mg/.
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7 Data Collection and Storage

7.1 Preliminary remarks

TXRFspectrarecorded with energy dispersive detectors canbe analysed qualitatively and quantitatively.
Position and shape of liquid residues can be different for each sample changing the X-ray intensities.
Therefore quantitative analysis of liquid residues is usually performed by means of internal standard
addition. Quantification of each element with respect to the internal standard element is performed
using relative sensitivity factors.

7.2 Datla collection

At least tree independent specimens shall be prepared and analysed. If the required confidence leyvel
is not rearhed for the considered elements, more independent samples shall be tested.Measure gnd
analysis cpnditions shall be registered for all the tests.

It is a common practice to display graphically the collected data in real time on thezmonitor. At the gnd
of the scaf, spectrum data are manually or automatically saved and stored in the{computer. Correctigns
for live tirpe, if not automatic, shall be considered after spectrum collection.

Whenevert possible, it is recommended to save the data according to ASCllscode, in two columns, where
one column reports the energy of the collected point and the other columirreports the number of counts
detected 3t the given energy.

8 Datal Analysis

8.1 Qualitative analysis

Peaks in the spectrum shall be present. Peaks are distinguished to be excitation X-rays, Compton ljne
of the excjtation X-rays, excited X-rays from substrate material, excited X-rays from sample materials
and artefact caused in the detector. All the peaks of the identified elements shall be detected in the
spectrum| Escape, shelf and pile-up peakssshall be recognized. In the analysis, attention should be paid
to select the elements present in the samplée’carrier (i.e. Si) and in the environment (i.e. Ar).

8.2 Quantitative analysis

8.2.1 Preliminary remarks

Based on the analysis conditions that have been set and stored beforehand, concentration values for the
selected dlements are,éalculated from the data by means of the internal standard method or by other
methods that shalkbeg'specified. It shall be noted that the conditions specified above shall be fulfilled [for
a reliable |quantification. The main effects that can compromise the analysis reliability are the latejral
spreading ofthé dried droplet and the vertical thickness of the residues. The lateral spreading affefts
the effective’solid angle of detection, thus can lead to underestimation of the deposited mass, while the
vertical thickness affects the fluorescence intensity by changing the irradiance of the X-ray Standing
Wave (XSW) field.[3][16] These effects depend mainly on two experimental parameters: specimen
thickness and area-related mass of carrier covering. These parameters should be in a range of values
experimentally determined for the specific matrix and/or theoretically estimated for the particular
conditions.[1] The maximum values should be defined by taking into account, at least, the geometry
of excitation, the limited counting capability of the detector, and X-ray absorption of the matrix. The
minimum values should be determined by considering the detection power for the area-related mass
and the wave field across the carrier for the thickness.

8.2.2 Background correction

Computer-based removal of the background contribution from the measured X-ray spectrum is usually
performed. The corrected spectrum consists mainlyinthe contribution ofthe X-ray fluorescenceradiation
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coming from the sample. There are several methods of background correction. One is the application of
digital filtering to the measured spectrum. An example of this is the Fourier transformation with which
the low and high Fourier frequencies are filtered out and the medium Fourier frequencies are taken as
the background-corrected spectrum. Alternative methods consist in subtracting from the spectrum
the approximated background curve calculated by selecting few points in the spectrum. Smoothing
algorithms can be applied to the background-corrected spectrum.

8.2.3 X-ray intensities of each element

The analytical signal is the count rate of the characteristic emission of the element. To determine the
co]mt rate, the net area of the characteristic emission peaks shall be calculated trom the sp§ctrum by

fitting procedures using proper software. The area of the element peaks is obtained. Net intensity is
calculated by subtracting the background and considering the line overlapping, possibly due to the
pre¢sence of peaks belonging to other elements, escape peaks, or pileup peaks. The proper sample
préeéparation as a thin layer is crucial to obtain reliable quantitative results.

8.2.4 Experimental derivation of relative sensitivities

Stgndard samples are required for calibration procedure and to assess the quality of quantitative
regults. The correlation between the intensities experimentally obtaified by the standard samples and
th¢ nominal concentration is defined. If the conditions described above are fulfilled, the corfelation is
lingar.

The relative sensitivity on the element named x with respet¢t to the reference element named b is given
by|the ratio between the absolute sensitivities of x and\b, whereby the sensitivities are determined
unfer identical measurement conditions. Relative sensitivities are calculated according to Fopmula (2):

C
Sy =| 3£ (2)
Ty
[ij
wlhere
Cx is the nominal cencentration of the analyte x;
Ixand I, are the net intensities of the peaks of x and b respectively;

Sx is the relative sensitivity of x with respect to b;

Ch is'the nominal concentration of b.

8.2.5 Quantification by means of internal standard

Abgolute sensitivities are seldom used in TXRF, while for calibration relative sensitivities with respect
to lsetécted p]pmpnf, referred as internal cf:\ndarr‘l, are prnﬁ:rrnd For the determination 6f relative
sensitivities, different standard solutions of multi-elemental or single element are used. They are spiked
with some known amount of the internal standard and measured. Elements not present in the sample
shall be selected, such as Ga, Y, or Rare Earths. Relative sensitivities are used for quantification by
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means of internal standard addition. The concentration of the selected element (named x) calculated
with respect to the known internal standard element (named s) are calculated according to Formula (3):

I, S
Cx = _X_SCS
IS SX
where
Cx is the concentration of x;

Iy and Ls_are the net intensities of the ppng ofxand s rp<ppr‘fivply-

(3)

Sx and Ss are the relative sensitivities of x and s respectively;
Cs is the nominal concentration of s.

Other quaptification methods such as standard addition methods[1Z] and external calibfrations[18] can|
used. Extgrnal calibration is also usually employed when pre-concentration procedures are perfornm
before thg TXRF analysis.

8.2.6 Statistical treatment

To have sfjatistical significance of data, at least three independent trials (residues deposited on sam
carriers) ghall be considered for each sample specimen (sample solitionh or suspension to be measuj
already adlded with standards) and the level of confidence set for the measurements shall be check]
Eventually, more trials shall be performed to achieve the desized level of confidence.

9 Information required when reporting TXRF-analysis

9.1 Preliminary remarks

[SO 17025 suggests in a general way the reponting. As a general rule, the scientific report should cont
all the infoprmation necessary to reproducethe experiments. Thus the complete report of TXRF analy
should coptain the accurate description- of the instrument and the experimental details. This sect
reports the general guidelines to repert*TXRF analysis.

9.2 Experimental details

When repprting TXRF experiments, it is important to include all the following experimental details:
a) the kind(s) of X-rag/source used (i.e. anode W-tube);

b) the eycitationX-trays used (i.e. W-LII-MIV);

c) the vqltageapplied to the X-ray source (i.e. 30 kV);

be
ed

ple
ed
ed.

hin
sis
on

d) the current applied to the X-ray source (L.e. 750 ({AJ;

e) the glancing angle used, (i.e. 0,60°, optional information if available);
f) the collection time (i.e. 600 s);

g) the detector area (i.e. 1 cm2);

h) the required level of confidence (i.e. 5 %);

i) the specimen identification:

— phase (i.e. liquid, solution, or solid, powder);
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— number of specimens (i.e. three independent specimens were prepared from the sample

solution);
— others: photo of the residues, etc,;
the type and surface treatment of sample carriers:
— material (e.g. quartz glass not disposable);

— optical flatness grade (polished, 4 Lambda);

k)

D)

O

When reporting on TXRF analysis procedures, it is important to include the following inform

a)
b)
‘)
d)

.3 Analysis procedures

——siticomization {re—added withr t0ptof sthicomrsotution);
the information about internal standard:

— compound, solution description, and concentration (e.g. Ga in nitric acid standard fo
— method used to prepare it (by volume, by weight and detailed description of steps);
sample preparation:

— number of deposited sample carriers (i.e. three sample carriersiwere prepared by one
solution);

— drop/drops deposited (3 drops of 10 ul are depositéd one over the other after drying
— drying procedure (e.g. in air at temperature lessthan 60°C);
sample pretreatment (i.e. addition of fixation,agents);

sample dilution ratio applied (i.e. 1,01).

software corrections used-(shelf, escape, pileup, if any other);
list of all the detected elements;
list of the elementsinserted in the fitting procedure;

list of all the guantified elements.

— volume or mass of specimen deposited (a total volumefmass of 30 pl/30 ng deposited);

AAS);

specimen

);

htion:
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Comparison of detection limits of TXRF, AAS, and ICP-MS

Table A.1 — Detection limits found in environmental analysis

Ve
Method (\'\v‘)
TXRF SR-TXRF FAAS GFAAS | TeP-M$
Sample Element Mo-Ka (ng/L) | white beam (pg/L) (ng/L) (ug/[z)\Q\ (ng/L)
Cr 1,7121] 0,10119] 3118] 0,00422] | 0,00312f]
Mn 1,3021] 0,07[19] — AO— | 000712
Fe 0,8121] 0,06[19] 581 (Y} 0,1022] —
Ni 0,7121] 0,05[19) 618, \ 2 | 0,071221 | 0,0052§1
Cu 0,6121] 0,05[19] 1,518 0,014[22] | 0,04[23)
Tap watdr -
Zn 0,4121] 0,06[19] RO 0,02122 | 015023
Br 0,4121] — Q8 — — —
Pb 0,4121] 02419 R 1508 0,05(22] —
Hg 0,58120] - X
cl 2,48012
W-tube (mg/L) (ng/L) (mg/L) (mg/L) | (ng/L)
Cr 0,24124] ,0,14019] 0,021251 | 0,08124)
Mn 0,12(24] <O 01309 0,00112]1
Fe 0070241 . 0,12[19] 0,03126
waste Ni 0,07124] .\ 0,1019] 0,1026
Cu 0,062~ 0,14019] 0,08(25] | 0,02127]
Zn 0/05024] 0,25019] 0,01(25] | 0,02[27)
cd C9;003124] 0,011251 | 0,000 1471
Pb 5N 001024 0,5819] 0,009125] | 0,000 5[47]
| Mo-Ka (mg/L) (me/L) (me/L
_Fe 0,008[28] 20129 —
C.&Yin 0,005[28] 3129] —
Lichensl—=—Mn 0,04:4423)
Cu 0,005[28] 0,2029] 0,1[30]
Ni 0,005[28] 1129] 0,2[30]
Pb 0,003126] 0,125] 0,05[30]
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Table A.1 (continued)

Method
TXRF SR-TXRF FAAS GFAAS | ICP-MS
Sample Element Mo-Ka (ng/L) | white beam (pg/L) (ng/L) (ng/L) (ng/L)
Mo- Ka (ng/g) (ng/g) (mg/kg)
Cr 17131] 1,5029] —
Mn 16[31] — 0,002 1[32]
Soil Fo 131347 SO0T2 ~ —
Ni 8[31] 0,4129] ~I\[7]0,002032]
Cu 6131] 0,5[29] AV —
Zn 5031] 6129] QY 0,006(32]
Pb 6[31] 02091 G~ 000 61321
(ng/g) (mg/kg) (mg/kgy> (ng/g)
Cr <1134 0,03119] 0,06133]
Mn <0,9134] 0,03019) _Q0ul33]
_ Fe 51241 0,02119] _ O0,3203] <10[34]
Spdiment Ni <0,5034] 0,03[19] NC 0,320
Cu <0,5[34] 0,03119] ¥ 0,04[33]
Zn 1,2134] 0,039k 0,15[33]
Pb <0,6[34] 0,109 0,1[33]
Mo- Ka (ng) h$ -
Cr 15(35] R\¢
Mn 1ias) O
Fe 110 -G
Filters N 7[35?10\\
Cu AVQE]
Zn (ass)
Pb | 4ls5]
09 able A.2 — Detection limits found in biological analysis
?*\ Method
éo TXRF AAS ICP-MS
féakfple Element W Mo, Ka (ng/mL) (ng/L) (ng/miL)
~ K 5136} 9,97137}: |
Ca 1,5[361; 0,54[37] —
Fe 0,6[31]; 0,16[37] —
Cu 0,3[31]; 0,11(37] 0,02[38] (mg/L) —
Blood Zn 0,3[311; 0,09(37] 0,04[38] (mg/L) —
Ni 0,4131]; 0,12[37] 0,188139]
Se 0,04[36]; 0,07[37] 0,49139]
Rb 0,04[36] 0,019[39]
Pb 0,4 (ng/g)l31l

© IS0 2015 - All rights reserved 19


https://standardsiso.com/api/?name=76c1925560f74d82514c335302664aac

ISO/TS 18507:2015(E)

Table A.2 (continued)

Method
TXRF AAS ICP-MS
Sample Element W Mo,Ka (ng/mL) (ng/L) (ng/mL)
(ha/mD) (ng/L) (ng/mL)
Cr 0,18137] 0,05[40] 0,26 pg/LI40]
Mn 0,12137] <1[41] 0,01[39]
Urine Fe 0,08[37] RS
Ni 0,061371 0,1142] 0,0631391)
Cu 0,05[37] 0,047129]
Zn 0,05[37] 506129
Pb 0,206142] ., 0,017139)
Mo - Ka (mg/L) A -
_ Ni 0,25043] 0,11 pg/gli4l  C
Hair AN
Cu 0,47143] 0,52 pg/gl44l
Pb 0,88143] L
Mo - Ka (mg/L) @QB
Cr 0,17145] (ABle] 0,13 (ng/L)l47]
Fe 0,13145] N 0,2 (ng/g)47]
Ni 0,09145] & 720 0,05 (ng/L)l47]
Pharmac¢utical Cu 0,08[45] ‘\\Q'J‘ 47,1 (ng/L)[4Z]
Zn 0,071451 O 109 (ng/L)l47]
Se 0,07145hE 24 (ng/L)l47]
| O sat o
=
5
QO
Q~
N
%Q
R
)
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Case studies of TXRF analysis for environmental applicati
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lay environmental monitoring is one of the most important and most advanced analyt
nitoring of contaminated land, determination of hazardous elements in air and watef, cla
vaste materials, ashes, sludge, and the specification of products for later recyclingyand disp
islation forces the analysis of elements at lowest concentration levels in a hnge variety o
terial types.

RF isused toanalyse total elementsin soil (samples are suspended in detergent, pipetted ont
1 dried) and in soil water extracts after centrifuging the same sample. Lower detection lir
parts per million concentration range for suspended soil and parts per billion levels in

boils, to capture key mineralogical differences.

ice element analysis in water is one of the most common.applications of TXRF method. With
water matrix, TXRF technique can be used for similax sample types such as: snow or rain
ter, drinking, deionized and mineral water.[59][60] Ajr particulate and aerosols can be model

fililn samples and it is possible to perform their direct chemical quantitative analysis.[3] Mor]
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e of plants and other living organisms as bionionitors to detect the spread of different trac
hir particulate is widely used.[28]

hens are used as biomonitors to examine the environmental pollution because of their ca
Fiching their tissues with airborne trace element. TXRF quantitative analysis of the lichen
formed by the internal standard addition procedure.[28]

fers are suitable for TXRFE.analysis. TXRF allows nondestructive multi-element analysi
l ultratrace amounts of elements. Using filters as the sample, systematic errors associate
raction, dilution or digéstion are avoided.[3]

vage can be analysed by TXRF method after a fast sample treatment without digestion.[24]

pared with'AAS and quantification does not require external calibration.

e following table shows environmental matrices that can be analysed using TXRF, a brief d
'he samiple preparation procedure and the elements typically analysed.
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TXRF method allows a simple sample preparation procedure for environmental njonitoring

escription

Table B.1 — Environmental matrices analysed by TXRF

Matrix Typical amount Sample preparation

Typical elements

Soil and sediment

Dried, ground powder +1 % aqueous
solution Triton X-1001), IS* Gal48]

>25 mg
Pb

V, Cr, Nj, Cu, Zn, As, Se, Hg,

Natural water 5 uLto 100 pL Direct analysis Mg, Cl, K,Ca, Cr, Mn, Fe, Co,
(multiple pipetting IS Gal21] Ni, Cu, Zn, Ba, Se, Br, As, Pb
and drying steps)

Groundwater as before Direct analysis Fe, Ni, Cu, Zn, Sr, Pb

IS Gal31]

a

PEM - personal environmental monitors.
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Table B.1 (continued)

Matrix Typical amount Sample preparation Typical elements
Bioindicator 150 mg (or less) Dried + acid digestion + diluted with | K, S, Ca, Ti, Mn, Fe, Ni, Cu,
(lichens, algae, bio- water Zn, Cr, Cl, Br, St, As, Pb, Rb
films) IS Gal28,53]
Particulate matter- 10 pm PEMa Acid digestion[49] Ti, Cr, Mn, Fe, Ni, Cu, Zn,
Filter Sample is collected directly on sample Pb, Ba, Rb.
carrier[20]

Filter is a sandwiched between two

Thin sheets of polypropylenets]

Sewage|(waste) 5 uL to 20 pL Digestion with aqua regia + filtration |As, Pb, V, Cr (complete); Co,
IS Gal51] Cu, Mo, NifZn-
alternatively direct analysis
Sludge >20 mg Dilution with distilled water As, Pb, V, Cr(complete), Co,
IS Gal32] Cu, Mo, Ni, Zn.
Sea Water Direct analysis[54] [55] [56] V, M, Fe, Co, Ni, Cu, Zn, Pb
and U
Flylash [57]
Leaching solution [58]
a  PEM - personal environmental monitors.

B.2 Multi-element determination in waste water:effluents

The moni

laboratories. Of special interest is the screening of elemental composition (i.e. As, Ba, Cd, Cu, Cr, Sn,

Mn, Ni, Pb|
informati
metals an
methodol

Consideri

the prelimpinary evaluation of the effects of the sample on the TXRF analysis shall be checked in or

to verify
effluents,
a quartz g

of the cor;Eentration values'ebtained by using Y as internal standard is typically +10 % of the nomi
ion value. Relative standard deviation for the analysis of three independent replicates is aiEso

concentr

satisfacto
quality of
digestion.

Since TXH

oring of heavy metals in industrial waste watet\effluents is an important activity for m3

Se, and Zn concentration) of inlet effluentsiand quantitative analysis of outlet effluents. T
bn are mandatory to study the efficiency of chemical treatment process aimed to elimin

pgies which entail simple sample préparation are desired.

g the high amounts of suspended solids and the viscosity of industrial waste water samp
the sample preparation. For routine and screening analysis of industrial inlet and out

TXRF analysis can be performed by depositing 20 pL of the internal standardized sample
lass reflector and psing a measuring time of 1 000 s.[24] Using such conditions, the accurj

ry, with values-for the detected elements less than 10 %. A further enhancement of analyti
TXRF results can be achieved using more sophisticated sample treatments as microwave a

| E-analysis is performed directly on the raw waste waters, less sample manipulation 3

ny
Fe,
his
hte

H to comply with current established concentration limits. For this application, fast analytical

es,
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\Cy
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hunts of reagents are needed and, therefore, cost and time are reduced for the analy

Bis.

Additional advantages of the TXRF method are the multi-elemental information of the sample, the easy
quantification through internal standard, and low operating costs when benchtop systems are used
(they do not require cooling media and gas).

In conclusion, TXRF is suitable for the analysis of waste waters, having sufficient analytical performance
and short-time for the experiment, thus increasing the productivity of industrial laboratories.

B.3 Determination of trace amounts of selenium in soil samples

Selenium soils concentrations are an important issue because of the small difference between the
nutritious requirements and toxic effects. Thus the accurate determination of its value is very important
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is in most

The use of direct analysis of soil suspensions by TXRF is interesting as a fast and relatively simple

methodology for a qualitative determination of the soil multi-elemental composition. Moreover,

TXRF can

be successfully applied to determine the Se content when extremely small amount of sample is available
(20 mg of soil are required) provided that the Se content is sufficiently high. A further enhancement
of Se detection limit can be achieved using more sophisticated sample treatment on the digested soil

sample. However, when using additional sample treatments focused on Se determination, in

aclieved with only 2 mL of soil digestion solutions. This resul¢'makes TXRF suitable for the 3
suth a sample. Indeed, by using this simple and low cost:sample preparation strategy, accurs
can be obtained at the low mg/kg range and the Se détection limit is almost 10 times lowe
rldwide mean concentration of Se in soils. Thus,.the proposed method combining LPME
hlysis is suitable for analysis. Moreover, the Se“detection limit achieved when the LPME

s applied before the TXRF experiments is in-ost cases much better than those obtaine
F spectrometry or INAA and TXRF is also_competitive with other popular spectrometric t
th as GFAAS, ICP-MS, and AFS.[17]
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Annex C
(informative)

Case studies of TXRF analysis for biological applications

Metallomics is a new frontier in the investigation of trace elements in biology and is expected to develop
as an intefdisciplinary science complementary to genomics and proteomics. The term metallomics was
introducef by a Japanese scientist, Haraguchi, to distinguish functions of an organism in which metpals
are involyed. In analogy with proteomics, the subject of metallomics as of a branch of study,'appears
to be metallome. So, metallomics refers to “the study of all possible species of a metal or metalloid ip a
specific cqll or a tissue by means of their qualitative and quantitative analysis”.[61]

Indeed, trice elements are increasingly used as dietary supplements in the prevention of diseases and as
clinically effective therapeutics. Trace elements has became a critical research aredin applied scienges
due to thg unique reactivity to their respective enzyme. Essential trace elements.or micronutrients are
those withoncentrations below 50 mg/L in humans.[62][63][64]

In this frajme, TXRF is a useful tool for various clinical applications due tathe small amount of required
sample, afhievable detection limits, and ease-of-sampling. Becauseltrace metals such as zinc, irpn,
copper, and selenium play important roles in cellular and molecular processes in biology, the majjor
goal of metallomics in biology and medicine is to facilitate the dissection of the specific biolog?cal
functionsfassociated with these trace elements.[62](65] The fieldof metallomics is comprised by a grqup
| quantitative technologies that can be used to.détermine the availability of metals in the

complex Hiological environment.

Many kindls of samples can be analysed directly by TXRF, however some of them need a pre-treatment
procedurg. Some examples are following described,

A “whole|blood sample* contains the plasma;together with all types of blood cells. Several digestjon
methods ysing nitric acid have been compared and one of the main problems is that whole blood contajns
a large anpount of Fe. Removal of excessive amount of Fe could be accomplished by extraction with HCl
and methyl isobutyl ketone (MIBK).[63]{66]

Blood plasma is a straw-colouted liquid component of whole blood in which the blood cells are
. It makes up about(55 % of the total blood volume. It is mostly water (93 % of the volure)
and contalins dissolved protéins, glucose, mineral ions, hormones. It can be generally stated that the
layer thickness from blopd plasma samples enables the direct determination of elements with an atoric
number greater than 56.(Fe) without any sample pretreatment.[63][66][77]

Serum is|blood plasma without blood-clotting factors. For serum analysis, there are two techniqies
widely us¢d. Inthe first method, the peak intensity of the studied elementis standardized to the Compton
scatter pepk Of X-ray tube with Mo anode. The advantage of this method is that the sample is transferfed
directly t¢ the quartz carrier after centrifugation without any pretreatment method or additive, thus
reducing error sources. The second and more classic method comprises the use of an internal standard
for quantification.[63][66]

Urine is a typically sterile liquid by-product of the body secreted by kidneys. The determination of
transition metal ions from human urine is usually carried out after removal of the high Cl content by
direct addiction of HNO3 on the carrier, to remove a lot of background and pile-up peaks (detection
limits are in the range of 1 to 2 pug/L). In the case of urine sample, Co is used as internal standard.[66]

Celebrospinal fluid is a colourless bodily fluid found in the subarachnoid space and in the ventricular
system around and inside the brain and spinal cord, so the brain “floats” in it. This fluid can be analysed
by direct TXRF. Background disturbance from the NaCl content can be eliminated by adding nitric acid
to the sample located on the carrier plate. Low Z elements such as Na, Mg, Cl, K, Ca can also be quantified
using Sc as internal standard.[63]
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Teeth, bones, and hair are some of the animal or human tissues examples that can be analysed by
TXRF in two ways: after a complete digestion or after cutted (into thin layers) preparation. Digestion
preparation is time-consuming and can cause cross-contamination. For this reason, direct approach,
based on tissue slices cut with a microtom, is preferred.[63]

Liver (biopsy sample) is an example of cells tissue analysed by TXRF. Cells-based experiments mostly
involve cancer cells cultures. Cancer cells were fractionated by centrifugation and digested with nitric
acid for 24 h without heating.[63]

Wheat flour is one of the food component analysed by TXRF for the quantification of Se. Se is an essential

trace-elementinvolved in several major metabolic pnfhumyc andimmune functions.-The wheat Samp]e
hag grain 50pum and for that reason grinding is not required. 50 mg of sample is weighted andquspended
in aqueous Triton X-100 solutions. Y can be used as internal standard.[62]
The following table shows biological matrices analysed using TXRF, a brief description of the sample
pre¢paration procedure and elements typically analysed.
Table C.1 — Biological Matrices analysed with TXRF
Matrix Typical Sample preparation Typical element
volume
a) Acidic digestion, precipitation with APDC .
alternatively 1:1 dilution with distilled a) Mn, Ni, Cpul; fin, Se, Rb,
Blood-Whole <500 pL water, IS Gal63][66]
b) Acidic W-digestion, Fe separation with |b) S, K, Ca, CufZn, Se, Br,
MIBK, Ni as fniternal standardl[63] Rb, Pb
; : Tt ; a) Cu, Zn, S¢, Br, Rb
Plasma <500 pL. a) Direct analysis or d{l)lgutlon with water, IS )
Gal63] b) Gd[k2I
Serum <500 UL Direct analysis or dilution with water S, ClL, K, Ca, He, Cu, Zn,
K IS Ga, V or Y[63] Se, Br,[Rb
a) Direct analysis IS Gal63] treatment with | Cr, V, Mn, Fe, Lu, Zn, Se,
Urine <1mL nitric acid to evaporate Cl As, B{B Eb' Pb
[
b) Direct analysis IS Colé3] ¢) GdIpal
. . . . Cl, K, Ca, Cr, Mn, Fe, Ni
N 6_3 ) ) ) ’ ) ) )
[erebrospinal fluid L Direct analysis IS Gal63] cu, Zn, Hr, Rb
100 mg to Cye 1 . 63 Ca, Cr, Mn, Fe[Ni, Cu, Zn,
Teeth 300 mg Acidic digestion IS Y[63] St Pb
Bones 100 mg to Acidic digestion (170 °C, 12 h) and adding Y Mn, Fe, Cu, 4n, St, Pb
300 mg as [S[63]
: 100 mg to Acidic digestion, precipitation with APDC .
R 300 mg and Ga as IS[63] Ni, Cu, ZnjSr, Pb
Livér/{biopsy sample) mL Acidic MW- digestion and adding Y as [S[63] Cr, Mn, E,e‘ Ni; Cu, Zn,
nND;
Proteins direct preparation of protein suspension, S Fe Cu. Zn
HE standardless quantification A
Cell culture media <1 mL direct analysis[€Z] Cr, Mn, Fe, Zn, Cu, Se
Fermentation <1 mL direct analysis or dilution of suspension P, S, Cl, K, Ca, Fe, Ni, Cu,
IS Co Zn, Br, Rb, Sr, W, Mo, Pb
Suspended in aqua Titron 100 solution and | Se, P, S, Cl, K, Ca, Mn, Fe,
Wheat flour 50mg adding Y as internal standard[62] Ni, Cu, Zn, Br, Sr, Rb.
Hone 1 Acidic(HNO3+H202) MW digestion, using Ga| Ti, Cr, Mn, Cu, Zn, Pb, Br,
y 8 as internal standardl[68] Rb, Sr, As, Se
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Table C.1 (continued)

Matrix 3‘(}),lpul ;f: Sample preparation Typical element
samples were ground and sieved through a
mesh size of 50 Im. Powdered samples were
Plant material, leaves 10 mg stored in polyethylene tubes at 4 °C. One mL| P, K, Ca, Mn, Fe, Cu, Zn

of extractant solution containing 1 mg/L of
Ga was added.[53]

Roots extractionl[Z0] K, Ca, Mg, Mn, Fe, Zn
Fish and oysters (71] Cr, Mn, Fe, Ni, Cu, Zh, fe
Plahkton 500 pgto Nitric acid and hydrogen peroxide are used | Ti, Mn, Fe, Ni, C1,'Zn, $e,
100 mg at 100 °ClZ7z] Rb, Sr, Pb,.B, S7K, Ca
Slurry samples were prepared from freeze- | p K Ca¢M#, Fe, Cu, Zh,
dried algae by sonication. Solution samples Pb
Algae 20t0 200 pg | Wwere prepared by vapour-phase microwave
digestion.[Z3]
[74] Cu, Fe, Mn, Zn
Beverages: wine, Direct analysis[Z5]
juices, liguid nutri- K, Ca, Mn, Fe, Rb, St
tional products [76]
Four diffefent methods of direct analysis of biological samples aredised and described below: 1. Dirpct
analysis with internal standard; 2. The method of Compton peak'standardization; 3. In situ microwave
digestion;|4. In situ chemical modification.

Direct an4
the analy
adequate
be measu

The Comp
be considg
It is applig

In situ mi
biopsy tis
ratio, par
rates for 1

Insitu che
asurine, a

For a givg
requiremg

1lysis with internal standardization can determine concentration at low levels (png/L) add
fe in the sample solution. The self-absorption' and the scattering shall be minimized by
sample preparation.[37] Tissues, whole blead, serum blood, urine, amniotic fluid samples (
‘ed with this method.

ton peak of TXRF spectrum depends’to the sample mass. Therefore the area of this peak ¢
bred as a reference internal standard. This method takes the matrix effects into considerati
d for the determination of Fe; Cu, Zn and Se in serum samples.[37]

crowave digestion is a useful method for analysis of samples available in small amounts
sues, blood samplesAfor children. The micro-digestion increases the signal-to-backgrou
icularly of low energy elements, improving detection limits and providing higher recovs
host of the analytes:[37] [65]

mical modifieation methods are used for samples thatneed a specific preparation. Samples st
mniotic fluid that contain high levels of chlorine shall be analysed with chemical modificati

n cofppound to be properly used as chemical modifier in TXRF, it shall meet two gene

ng
an
an

an

as
nd

Ty
ich
bn.

ral
se,

ents:\(1) alter a physical-chemical property of system (analyte or matrix) according to the c4
thin film [37]

(ii) leave ¢

In the growing field of biomedical and biopharmaceutical applications, TXRF will play a crucial role
for a rapid determination of metals. Examples are: the rapid monitoring of Gd contrast agents in blood
and urine,[69] analysis of chemotherapeutics[8] in cell suspensions, and analysis of trace metal catalyzers
in active pharmaceutical ingredients.[Z8][79]
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