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Abstract

Many solids from the production of high-purity tungsten are challenging to analyze due to their insolubility and
tungsten's high spectral line density, which causes interferences in many spectroscopic methods. To address
this, electrothermal vaporization (ETV) coupled with inductively coupled plasma optical emission spectrometry
(ICP-OES) was optimized for the direct multi-element analysis of various tungsten-based materials, including
ammonium paratungstate ((NH4)10(H2W12042) - 4 H20), yellow tungsten oxide (WOs), blue tungsten oxide
(WO2+x), tungsten metal powder (W) and tungsten carbide (WC). The method focused on detecting critical
contaminants like Al, B, P, S and Si as well as O in W and WC, which affect the characteristics of final products.
The optimization includes the selection of suitable plasma parameters and emission lines. Since, for example,
almost all emission lines of the important element sulfur are interfered by tungsten, a way had to be found to
separate the analytes from its matrix. With the assistance of hydrogen as a reaction gas and temperatures up
to 2400 °C, the analytes can be vaporized while the tungsten matrix remains in the graphite boats of the ETV
unit. Since no suitable certified reference materials were available, a calibration using dried liquid ICP standard

solutions was tested successfully.
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Introduction

Analyzing impurities in chemically stable solid samples at low concentrations (mg/kg to ug/kg) is challenging
for most analytical methods. While optical emission spectrometry or mass spectrometry are often used, their
typical sample introduction systems are limited to liquids." Solid samples like plastics, metals, rocks, ceramics,
or graphite require time-consuming and often hazardous dissolution procedures, frequently involving highly
toxic chemicals like hydrofluoric acid.??® This process can introduce contamination and necessitate dilutions

that push element concentrations below detection limits.

Direct analysis of solid samples is preferred for ecological, economic, and technical reasons. An ideal method
would require no sample preparation, offer short measurement times, and have a high dynamic range to

minimize contamination risks and the need for toxic chemicals, making it suitable for routine process analysis.

Production Process of tungsten and tungsten compounds

For various manufacturing processes, such as cutting, engraving or grinding, materials are required that are
harder than the material of the workpiece. Diamonds, which are frequently used for cutting tools, wire drawing
stones and rock drills, have the highest degree on the Mohs scale of mineral hardness. However, since
diamonds have a comparatively low fracture strength, alternative hard materials are needed. Desired
properties of a suitable material include the highest possible hardness, wear and fracture resistance, thermal

stability, thermal shock resistance, thermal conductivity and chemical stability.'45

A hardness similar to diamond is obtained with metal-rich, electrically conductive nitrides and carbides. These
are already being produced for cutting tools, refractory coatings, thermocouples, and other applications. One
of the most prominent representatives of this class of materials is a sintered hard metal made of tungsten
carbide and 10 % cobalt. It is used, for example, for processing cast iron, non-ferrous metals, plastics, wood

or rocks.46.7

In order to obtain the required hardness, a high purity of the tungsten carbide is required. Elements such as
aluminium, oxygen, phosphorus, sulfur or silicon or can influence the metal in terms of its ductility to such an
extent that it becomes brittle and can no longer be used as a tool for machining.8-1° For instance, doping blue
tungsten oxide as a raw material for a sintered heavy alloy (90% W, 7 % Ni and 3 % Fe) with 100 mg-kg" Al
(40 mg-kg' in the resulting tungsten powder) reduces the tensile strength from 923 to 769 MPa and the
elongation from 24 to 4 %.5 Similar trends were reported for phosphorous and sulfur. The addition of
50 mg-kg- ! of boron to the oxide, on the other hand, increases the tensile strength from 994 to 1009 MPa and

the elongation from 22 to 28 %.5

Metallic tungsten is extracted from the ores wolframite ((Mn,Fe)WOs) and scheelite (CaWO.), whereby
wolframite does not exist as an independent mineral, but describes a mineral mixture of hiibnerite (MNnWOQ4)
and ferberite (FeWOs). The raw materials are ground, concentrated by flotation, and refined by reaction with

sodium carbonate or by pressure leaching with sodium hydroxide. The sodium tungstate (Na2WO,) formed is
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purified by various steps including extractions and ion exchange and converted to trioxide monohydrate
(WO3-H20) by acidification. For further purification, the oxide is leached with ammonia solution and precipitated
as ammonium paratungstate ((NHs)10(H2W12042) - 4 H20, abbreviated as APT).4.11:12

Along the production process, the analysis starts at the intermediate APT since the preliminary products go
through several purifying steps. In case of containing a too high amount of contamination, APT can be added
to sodium tungstate to go through the purification process again before the energy-consuming steps of the
reduction to tungsten oxide and tungsten will be performed. The tungsten oxides WO3 (yellow tungsten oxide)
and WOz« (blue tungsten oxide) can be obtained by thermal decomposition at 600 °C. The oxides are finally
reduced to the metal at 800 °C in a hydrogen atmosphere yielding a tungsten powder with a purity greater than
99.9 %. High purity tungsten carbide can be produced by reacting high purity tungsten with high purity graphite.
The reaction is carried out at 1500 °C either under hydrogen atmosphere in an electric resistance furnace or

under vacuum in an induction furnace. 411.12

State of the art for the analysis of tungsten-based materials

Many industrial intermediate and end products occur as solids in the form of powder or granules, for which
direct analyzation techniques are limited.! The analysis of the elemental composition of solids is still a major
challenge, especially when contaminants in the trace element range are to be analyzed. Methods like ICP-

OES or ICP-MS need a time-consuming sample preparation, such as digestion processes.?3

In order to circumvent the highly corrosive and caustic hydrofluoric acid, different solvent combinations have
been explored. Hydrogen peroxide, as well as a mixture of H3PO4 and HNO3 (1:5) are also capable of
dissolving metallic tungsten, tungsten carbide or a WC-Co based cemented carbide.?13-15 Moreover, mixtures
of ammonia and ammonium citrate and of ammonia and tartaric acid are capable of dissolving tungsten-
containing compounds. Ammonia as well as sodium hydroxide dissolve tungsten trioxide to form tungstates.
The addition of tartaric acid or even oxalic acid serves to complex the metal to keep it in solution.®'" Typical
analytical methods for tungsten-based materials include ICP-OES, ICP-MS and AAS.'316.17 Cheng et al.’3
obtained detection limits between 4 ug-L-" for Nb to 13 ug-L-! for Fe in dissolved tungsten compounds, with
relative standard deviations (RSD) lower than 3 % and recovery rates from 97.0 % to 103.5 %. However, it
should be noted that the use of organic solvent or complexing agents might result in complex matrix effects

and interferences within a plasma and are therefore problematic for analyses using ICP-OES or ICP-MS. 819

Comparatively little is published about the solubility of ammonium paratungstate. It is known that it dissolves
like WO3 in sodium hydroxide solution.?° Dissolution experiments in acid, as typically used in microwave-

assisted digestion processes, have not been reported so far.

The high density of emission lines of tungsten is still a problem, when the samples are brought into solution,
because this frequently causes interferences with the emission lines of the analytes. Since the digestion
procedures are time-consuming, the results are time-delayed and the method cannot be used to accompany

the process.
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To minimize the risk of contamination and to avoid toxic high purity chemicals, direct solid-sampling methods
are preferred. In case of optical spectroscopy, the complex emission spectrum of the matrix remains
problematic. Furthermore, the numerous gamma ray emitting isotopes of tungsten limit the use of methods like
neutron activation analysis (NAA), which is also not suitable for process-accompanying analyses.?'
Nevertheless, Cosgrove et al. applied gamma scintillation spectroscopy to tungsten and tungsten oxides
reaching detection limits in the range of 0.1 mg-kg', recovery rates from 70 to 100 % for most elements and

accuracy and precision within about 1 %.21

As methods to analyse solid samples directly, X-ray fluorescence spectroscopy (XRF) or glow discharge mass
spectrometry (GD-MS) can be applied, respectively.'3.16.20 X-ray fluorescence analysis (XRF) is widely used in
industry, but it quickly reaches its limits when analysing light elements or concentrations below mg-kg."
Therefore, the method is only suitable for the determination of major and minor elements down to the ppm

range, but not for ultratrace analysis and not for lighter elements."17.22.23

Methods with low limits of detection such as secondary ion mass spectrometry (SIMS), glow discharge mass
spectrometry (GD-MS) or laser ablation as a sample introduction system for a mass analyser or an optical
emission spectrometer (LA-ICP-MS or -OES) are only suitable for samples with a firm and smooth surface.?* 27
The analysis of powder samples or granules is only possible if a sample preparation like pressing a pellet is
carried out. For GD-MS, most pressed powder samples cannot withstand the necessary high vacuum, and are
poorly electrically conductive. Therefore, the method cannot be applied to process products like ammonium
paratungstate and tungsten oxide. Otherwise, GD-MS is characterized by detection limits down to 0.1 ug-kg™",
a large linear range, and high reproducibility.?” In addition, a major advantage is that a calibration with non-
matrix standard reference materials is usually unproblematic. However, because a high-resolution mass
spectrometer is required, the method is very expensive. Since GD-MS cannot be automated with a sample
changer, it is rather unsuitable for routine in-process analyses. Nevertheless, GD-MS is widely used in industry

for the analysis of tungsten metal. 24-27

Another possibility for analysing solids with detection limits in the ppb range (0.001 - 0.1 mg-kg=")? is
secondary ion mass spectrometry (SIMS). The method is well suited for the analysis of metals containing
tungsten. However, powder samples can only be analyzed by complex sample preparation, with the risk of

sample contamination. Again, the possibility of in-process use as a routine method is not given."822

In addition to the surface properties of the material, the matrix itself presents as a problem for many analytical
methods. Especially in samples with a high organic content, in salts, rocks or ceramics, various elements are
already contained in the matrix, whose emission or fluorescence lines lead to spectral interferences and
increased backgrounds in the recorded spectra.’®'” Some metals, primarily tungsten and molybdenum,
already contribute to significant interference effects through their own enormous spectral line density in
emission spectrometry. In these cases, an analysis of trace or ultratrace elements is only possible if the

analytes can be separated from the matrix with the exclusion of contamination and dilution effects.
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: Electrothermal vaporization as a sample introduction system for ICPD-%lEOg e
6 A highly efficient analytical method for direct qualitative and quantitative multi-element analysis of solids is the

; electrothermal vaporization (ETV) as a sample introduction system for atomic emission spectrometry (ICP-

9 OES). The method has already been used to analyse poorly soluble matrices and was now applied to tungsten-

1? based materials.

12

13 The samples are introduced to the longitudinally heated graphite furnace of the ETV unit within a graphite boat
:‘5‘2 (see fig. 1). With the help of a modifier gas, the sample is evaporated with temperatures up to 2500 °C. By

using a modifier gas, even non-volatile samples can be vaporized. Common modifiers usually contain halogens
to secure complete evaporation, i.e. Dichlorodifluoromethane (CCl2F2), Fluoroform/Trifluoromethane (CHF3),
Tetraflouromethane (CF4), Sulfur hexafluoride (SFe) or Nitrogen ftrifluoride (NF3).23282° Non-volatile
components or elements, that tend to form carbides, can still be completely evaporated with the help of such
reactive gases due to the forming of halogenites. Therefore, it is possible to analyze substances such as
glass®, ceramics®'-35, boron nitride3¢-37 or silicon carbide38-4° with ETV-ICP-OES. With the help of a carrier gas,
which usually consists of argon, the sample can be carried to any kind of optical emission spectrometer with a
high efficiency. This is achieved by a cool bypass gas (argon), which laminar flows around the hot gas of
sample and argon from the furnace, immediately after passing the nozzle. As a result, condensation on cold
surfaces can be avoided and a dry aerosol is generated, which can be almost completely transferred into the
plasma. Depending on the element, a transport efficiency of over 90 % can be achieved.?® The ETV allows the
temperature profile to be freely programmed so that optimum evaporation can be achieved for different
matrices. Usually, even the matrix will be evaporated using halogen containing modifiers which causes
disadvantages in case of tungsten samples.
ICP-0ES |  ETV

sample in
graphite boat
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49 gas (Ar) graphite furnace

?1) Figure 1: Schematic construction of the graphite furnace of the ETV unit

52

53 . . . . . .

54 The coupling with an ICP spectrometer is realized via a PTFE or PFA tube. The dry aerosol containing the
55 sample and argon is carried to the plasma torch of the spectrometer, where dissociation, excitation and
g? emission of element-specific radiation takes place. To detect the emission, either a spectrometer with Echelle
58 or Rowland circle optic can be used, although less interference is observed with the Rowland circle since the
Zg interferences caused by blooming, which describes the overlapping of diffraction orders by very intense

signals, are eliminated. Within the Rowland circle, a holographic grid serves as the dispersing element, which
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. divides the radiation into its individual wavelengths and focuses them at the same time. The radiation is

6 detected by CCD line detectors arranged on a circle.

7

8

9 Basic considerations of the ETV-ICP-OES method for tungsten-based materials

10

11 The enormous spectral line density of tungsten causes strong interferences in optical emission spectroscopy

12 when samples containing tungsten are analyzed. For instance, the most intense emission lines of sulfur at

1

12 182.034 and 180.731 nm are completely overlapped by emission lines of tungsten. To perform analysis of
15% products along the production of high-purity tungsten, a method needs to be developed to separate the

analytes from the matrix. When halogenated modifier gases such as CCI2F2 or CHF3 are used, volatile tungsten
halides are formed that cause interferences. Therefore, an evaluation is needed to see if the analytes can be
separated from the matrix with low heating rates. The idea was to evaporate highly volatile analytes such as
sulfur and phosphorus at lower temperatures than the evaporation temperatures of the halogenated tungsten
compounds. If separation at low heating rates does not show the desired results, the samples can also be
heated entirely without modifier gas, with the expectation that tungsten, which only evaporates at very high
temperatures, will remain in the graphite boat of the ETV and only the analytes will be vaporized. The problem
with this method might be that the analytes remain in the matrix, or that the vaporization causes a carryover

of the matrix into the plasma.

An alternative might be the use of hydrogen as a modifier gas.284' Comparable to the production process of
tungsten, the tungsten compounds APT and WO3 are reduced to tungsten. During the conversion to the metal,
the analytes are expected to be thermally released from the matrix and transported into the plasma of the ICP-
OES spectrometer. The tungsten matrix should remain in the graphite boat of the ETV, which should eliminate
most of the optical interferences causes by tungsten. A careful selection of emission lines used for evaluation
will also help to minimize the interferences between the analytes. Whether the method works also in case of

already reduced metallic tungsten and tungsten carbide, needs to be evaluated.

When the matrix is not introduced into the plasma, the calibration method is not required to be matrix-
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analogous. Calibration is also possible with other solid reference materials or ICP liquid standards that are

45 pipetted into the graphite boat and dried.4? This is an advantage in this and many other cases, as matrix-
46

47 matched standards are not available for many matrices.

48

49 . .

50 Experimental section

51

52 Instrumentation

53

54 The investigations were performed using the ICP-OES spectrometer ARCOS EOP from SPECTRO Analytical
55 Instruments GmbH (Kleve, Germany). For sample introduction, the system was interfaced via a PTFE-
g? transport tubing to the solid sampling electrothermal vaporization unit ETV 4000c from Spectral Systems
58 (Furstenfeldbruck, Germany).

59

60
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Initially, the halogenated gases CCl2F2, CHF3 and NF3 were tested as modification gases with and without
plasma humidification, and low heating rates were applied to separate the analytes from the tungsten matrix.
Additionally, tests without the use of a modifier gas were carried out. Furthermore, the use of hydrogen as a
modifier, as Hassler et al.?82° described for the analysis of high-purity copper, was tested. The method was
adapted to the analysis of tungsten-based materials. The hydrogen flow rate was increased to 80 mL-min-" in
comparison to the flowrate of halogenated modifiers which is usually set around 2.2 mL-min-'. The sum of
modifier gas flow rate and inner gas flowrate is usually set at about 140 to 150 mL-min-! to ensure laminar flow
of the bypass gas. Therefore, the inner gas flow rate was reduced to 60 mL-min-'. Due to the usage of
hydrogen, the plasma temperature increases. Therefore, the ICP plasma RF power has to be decreased or
the coolant gas flow rate has to be increased. The RF power was varied between the technical possible 1200
to 1650 W and combined with an increasing coolant gas flow from 14 to 18 L-min-'. It was observed, that the
plasma gets instable if the power was lower than 1400 W and the intensity of the considered emission lines
increase with increasing RF power. In order not to lose the signal intensity through to a lower plasma power,
the coolant gas flow was increased from typically 16.5 L-min' to 18 L'-min-'. The optimized technical
parameters for the analysis with H2 as a modifier are presented in table 1 while the wavelengths selected for
the analyzed elements can be found in table 2.

Table 1: Optimized working parameters of the instruments

Instrument Parameter Value

ETV Modifier gas (H2) flow rate 80 mL-min-"!
Bypass-gas (Ar) flow rate 400 mL-min-!
Inner gas (Ar) flow rate 60 mL-min-"!
Temperature program 20-100 °C (5's)

100 °C (25 s)
100 — 2350 °C (50 s)
2350 — 2400 °C (20 s)
2400 — 20 °C (20 s)

ICP ICP plasma RF-power 1650 W
Coolant gas flow rate 18.0 L-min-’
Plasma gas flow rate 1.60 L-min*

OES Mounting Paschen Runge
Detector CCD array
Wavelength range 130-770 nm
Plasma observation axial
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4 Table 2: Selected wavelengths and integration intervals of the investigated eIementsDo‘: 10-1039/DOJA00I7SD
Z Element Wavelength Alternative Integration interval  Total integration
7 [nm] wavelength [nm] [s] time [s]
g Al 396.152 167.078 55-100 45
10 As 189.042 228.812 30-85 55
1; B 249.773 249.677 30-100 70
13 Mn 259.373 260.569 50-105 55
128 o 130.603 130.485 30-65 35
P 177.495 213.618 35-90 55
S 182.034 180.731 35-85 50
Si 288.158 251.612 30-105 75

Samples and preparation

To create a calibration curve, the graphite boats of the ETV were cleaned in the graphite oven with
temperatures up to 2450 °C. The cleaning step was performed just prior to the analysis in order to keep the
contaminating effect from the laboratory atmosphere low. The samples were then weighted in the graphite
boats of the ETV using a precision balance by Mettler Toledo (XPR105 DR, Gie3en, Germany) with an
accuracy of 0.01 mg. To minimize contaminations, the samples were transferred by disposable antistatic

spatulas (VWR, 14 mm length, 3 mm tip). The samples were analyzed in triplicate.

For calibration, the applicability of graphite reference materials and dried aqueous standard solutions were
tested. As graphites, BAM S009 and an inhouse graphite standard material were tested with sample masses
between 0.5 and 5 mg. For liquid calibration, 1000 mg-L"' single element ICP standard solutions were mixed
and diluted to solutions of 10 mg-L-* and 1 mg-L-'. The standard solutions for Al and As were purchased from
Alfa Aeser in 5 % HNOs. For B and Mn Merck Certipur standard solutions were applied. P and S were used
as ammonium compounds from the sample line Roth RotiStar. Si was bought as a solution in 1 M HNO3 and
2 % HF from Fluka. The diluted solutions (5 and 10 pL of the 1 mg-L-" solution and 2-40 uL of the 10 mg-L"'
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42' solution) were pipetted into cleaned graphite boats and dried at 70 °C on a ceramic heating plate.

46

j; To calibrate the oxygen mass fractions, six graphite boats were loaded with 0.1 to 1 mg calcium oxalate
49 monohydrate (CaC204-H20; Carl Roth, > 98 %, mass: 146.12 g-mol-'). Since the CaO is evaporated at higher
g? temperatures (> 1800 °C) as the release of oxygen in the samples (150 — 1500 °C) there are only four oxygen
52 ions left to be evaporated during the integration interval (see tab. 2). Therefore, for calculation, the compound
53 contains 43.8 % of oxygen.

54

55

56 As samples, several compounds along the production process of tungsten were chosen. The analysis was
;73 started with ammonium paratungstates ((NH4)10(H2W12042) - 4 H20), was continued with blue tungsten oxides
59 (WOz3x) and yellow tungsten oxides (WO3) and ended with the final products metallic tungsten (W) and tungsten
60

carbides (WC). The manufacturers of the provided samples asked to remain anonymous.
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4 Since the method development was not based on certified reference materials, due to a Iacho“fhlg'rleOé?‘ngggS’%ﬁD
Z 10 mg of one sample of each APT, WO3 as well as W was spiked with the considered elements in form of a

7 standard addition procedure (2, 5 and 10 uL of the 1 mg-L-" solution; 2, 5, 10, 15 and 20 L of the 10 mg-L"'

g solution). Liquid ICP standard solutions were added to the samples in the graphite boats and dried at 70 °C

10 on a ceramic heating plate. Doping higher samples masses with the elements of interest and milling them to

:; receive homogenous samples was avoided to prevent contamination.

13

1‘5‘% Results and discussion

Modifier gas

Due to the spectral diversity of tungsten, numerous emission lines of analytes of interest are interfered with,
such as almost all emission lines of sulfur. Therefore, a way had to be found to separate the analytes from the
matrix. Halogenated modifier gases are commonly used to evaporate non-volatile compounds or elements that
tend to form carbides. For tungsten analysis, the difference in the boiling points of tungsten and tungsten
carbide (> 5500 °C) and tungsten chlorides and fluorides (< 500°C) could be exploited.# Several modifiers and
temperature programs with different heating rates were applied in order to evaporate the analytes of interest
sequentially. As modifier gases, at first the usual halogenated gases CCl.F2 and CHF3 were tested and low
heating rates (< 40 K-s™') were applied to separate the analytes from the tungsten matrix. The time resolved
spectra did not show the expected results and tungsten was evaporated before the analytes, as demonstrated
in figure 2 for two sulfur emission lines when CCIzF2 was used as a modifier. The reaction gases SFs and NF3
were considered as modifiers to generate a different release behavior from the matrix, but a separation of
analytes and matrix was still not possible. The low boiling points of halogenated tungsten compounds made
the separation impossible while the emission lines that are not interfered with by tungsten are not intense

enough to be used for trace or ultratrace analysis.

14 . 2.0 -
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45 — ! 2
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47 8 4. 1=47 55!
48 = p
49 - I 0.0 :
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53 Time [s]
54
55 Figure 2: Selected emission lines of sulfur and tungsten using CCI2F2 as a modifier gas (2 mg WOgs, 7 ppm S, heating
56 rate of 38.3 K - s™'in the magnified area)
57
58
59 Therefore, a method was developed that does not evaporate tungsten at all. First, no modifier gas was used,
60

but there was still a certain amount of tungsten matrix introduced to the plasma. Since Hassler et al.?82°
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. described the use of hydrogen as a modifier gas for the analysis of high-purity copper, the method was adapted
6 to tungsten-based materials. With the help of hydrogen, the analytes can be completely removed while the
7 matrix remains in the graphite boats of the ETV. Therefore, tungsten emission lines will not interfere with the
8
9 lines of the analytes (figure 3, blue/purple), while a noticeable interference (orange) can be observed using
10 halogenated modifiers. The full spectra of all selected elements are presented for the different sample types
11 - . . . .
12 in figure S.1 in the electronic supplementary information.
13
14 ,
15% 3.010% WO (1.4 mg) - CCloF, 121107
—— WO3 (25 mg) - H, 8 E
2.510° —— APT (5 mg) - Hy Loy >
o
1 o
. 2.0-10°1 = . 0.810¢ =
g = g 1 -
o e =
£ 151001 e £ 06104
3 = 3
@] g3 Q 1
1.0-10° 0.4-10%
0.5-10° 0.2-10%4
O T .I T ; T V T T T T 1 O T T T T T T T 1
180.70 180.72 180.74 180.76 180,78 180.80  182.00 182.02 182.04 182.06 182.08
Wavelength [nm] Wavelength [nm]

Figure 3: Comparison of interferences on two sulfur emission lines in presence of different tungsten containing matrices
using CCIz2F2 and Hz as modifier gases at 2400 °C

When ammonium paratungstate and tungsten oxides are used as samples, it has been demonstrated that all
analytes can be completely removed from the matrix with a constant heating rate up to 2000 °C. In case of
tungsten or tungsten carbide, as shown in figure 4 for the example of phosphorous, the release is found to be
incomplete when the temperature program up to 2000 °C (see fig. 4, program A) is applied. Consequently,
elevated temperatures of up to 2400 °C (see fig. 4, program B) are required to ensure the complete removal

of the analyte. The transient signals of a representative of all sample types are given for the selected elements

wm SR afficidisreded uriter & CRRative Sorfindis iﬂtrﬁﬁuﬁb‘ngoﬂn&rtﬁﬂ R

in figure S.2 in the electronic supplementary information.
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Figure 4: Transient signals of the emission line of phosphorous at 177.495 nm in WC with different maximum
temperatures (A- orange curve, temperature up to 2000 °C, incomplete removal; B- blue curve, temperature up to
2400 °C, complete removal)

Since only the evaporated analytes reach the ICP, higher sample weights can be used without overloading the
plasma. To compensate homogeneity issues and generate low limits of detection, sample weights of about
25 mg are recommended for the analysis of the tungsten materials without causing a detector overflow. This
is about 5 to 100 times more than the sample mass that can be used for ETV-ICP-OES in case of glass, coal
or biomass.23:3042-46 |n case of samples with extremely low amounts of certain elements of interest, the sample
weight can also be increased up to 40 mg if needed. To analyse samples containing comparatively high
amounts of contaminating elements, the sample weight can be reduced to 5 mg. In this case, it might also be
beneficial to switch to emission lines with lower intensities, for instance using the emission line of phosphorous
at 138.147 nm instead of the lines at 177.495 and 213.618 nm or the emission line of sulfur at 142.503 nm
instead of the lines at 182.034 and 180.731 nm. As a general recommendation, these emission lines with lower

intensities should be included in the measurement program.

The tungsten matrix that remains in the graphite boats even keeps most of the original structure while the
analytes are evaporated, resulting in a sponge-like constitution of the residues as shown in the SEM images
in figure 5. Additional images are presented in figures S.3.1 — S.3.3 in the electronic supplementary
information. The provided images depict the original structure of the analyzed WO3; sample as well as the
structure of metallic tungsten powder after being heated up to 2400 °C. Further SEM images illustrating the

initial structure of powders of APT47, W48 and WC4? can be found in the literature.
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Figure 5: SEM images of APT (a) and WOs (b) after being heated to 2400 °C using H2 as a modifier gas (SE mode,
magnitude 5000x)

Calibration

Since the matrix is not evaporated, the calibration does not necessarily need matrix-analogous standards and

this can also be done by graphite standards or dried agueous standards solutions.*2 However, it was observed

e@oMmdﬁsﬁtﬁﬁutﬁn?Oﬁn&rt&ﬁ Reffte™ @ N — 2

that the coefficient of determination was significantly low (R? < 0.980) when graphite standards were used
since the evaporation of the analytes is incomplete without using a halogenated modifier. Therefore, the
applicability of dries aqueous standard solutions was tested. In case of phosphorous and sulfur, coefficients
of determination above 0.997 were achieved as it is shown in figure 6. For arsenic and manganese, coefficients
above 0.990 were obtained. A little more problematic were aluminium, boron and silicon since they have a
higher tendency to accumulate inside the graphite furnace under reducing conditions with hydrogen as the
reaction gas. For these elements, coefficients of determination above 0.980 were observed. The correction
model using the emission line of argon, introduced by Vogt et al.*® for the correction of oxygen signals in coal
samples can be applied here as well, but does not lead to a significant increase of the coefficients of

determination.
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59
60 Figure 6: ETV-ICP-OES calibration of the selected elements based on dried aqueous standard solutions (corresponding

elements and wavelengths in the left upper corner)
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The only element, which could not be calibrated using dried aqueous standard solutions, was oxygen in
tungsten and tungsten carbide. A suitable reference material is calcium oxalate monohydrate, which is already
widely used for calibration in thermogravimetry.#® With an inert atmosphere, usually provided by nitrogen, the
compound is heated up to 900°C, where it decomposes in several individual steps depending on the

temperature (see reaction scheme 1 and fig. 7).

CaC,0,-H,0 2L caC,0,4% < CcaCO, 222 Ca0 (1)
100 L
-H,0
901 12,3%
801 -CO

<y 1206 |
O 707 -

o [) |

601
- CO, |
501 0
401 L] I

100 200 300 400 500 600 700 800 900 1000
Temperature [°C]

Figure 7: Evaporation of pure CaC204-H20 in TG/DTG in an inert atmosphere (nitrogen, 100 mL-min)

This calibration method was be extended to ETV-ICP-OES by Vogt et al.*? to analyze the oxygen content in
coal samples with CCl2F2 as a modifier gas. By evaporating high-purity calcium oxalate monohydrate in the
graphite furnace, the same three peaks as on TGA can be observed in ETV-ICP-OES (see fig. 8). The
additional fourth peak represents the vaporization of the calcium oxide, which is not seen in TGA. This example
also shows that the ETV is capable of decomposition and species analysis using suitable conditions as
demonstrated by Vogt et al.*44¢ for the speciation of oxygen in coal samples. Using H> as a modifier, the same
peaks can be observed at slightly elevated temperatures due to the absence of reaction partners to form highly

volatile halides (see fig. 8).

page | 14


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ja00173d

Page 15 of 25 Journal of Analytical Atomic Spectrometry

oNOYTULT D WN =

o)

e@on‘ﬁ"mdﬁsﬁtrﬁﬁutﬁngo\?n&r@i Reffte™ @ N — 2

“hid aficlEis fceded urider 8 CPRativ

[{ec

oL dMSDNDDSDSDS DS D OReRAceessAlicle,Publishedenlo ung2026. Qo Raded o,6/R0/R028 12:5037 AM .
SOOIV DIDMWN SOOI O B

Analysis of high-purity tungsten

Axticl f\ql‘ne
DOI: 10.1039/D6JA00173D
a) 0.30- - 3000
| cCLF, -
0.25 S L 2500
@ o}
Q
© 0.20 - 8 L 2000 @
© 3
2 ) S
; o154 I FER e | b A 1500.°CL 1500 g
2 £
£ 0.10- - 1000 2,
- Q0
0.05 - - 500
G|
000 . Voo st it o b A - T T T - T - 0
0 20 40 60 80 100 120 140 160 180
Time [s]
b) 20- -3000
] H2
- L2500 _
815+ (BD
o L2000 3
S o
=104 -1500 @
= £
% os -1000 ©
£ 500 ©
0.0 oy : : ! : : : . =l
0 10 20 30 40 50 60 70 80 90 100

Time [s]

Figure 8: Evaporation of pure CaC204-H20 in ETV-ICP-OES with a) CCI2F2 as a modifier gas (adapted from 46) and b) H.
as modifier gas in ETV-ICP-OES (Peak 1: Release of crystal water, Peak 2: Decomposition of oxalate into carbonate and
CO, Peak 3 — Decomposition of carbonate into oxide and CO2, Peak 4- vaporization of oxide)

To obtain a calibration curve, six graphite boats were loaded with 0.1 to 1 mg Calcium oxalate monohydrate
(CaC204-H20). It should be noted that within the chosen integration range, only four of the five oxygen atoms
are released. This results in an oxygen content of 43.80 % in the standard. Due to the low initial mass and the

statistical error of the scales the coefficient of determination of the calibration is comparatively low (see fig. 9).
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Figure 9: ETV-ICP-OES calibration of oxygen (130.603 nm) based on CaC204-H20
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Rather than using an external calibration curve based on liquid standards, the standard addition method can
be applied. This procedure was carried out exemplary for APT, WOs and W. Known amounts of the analyte
are added directly to the sample within the graphite boat, after which the change in the measurement signal is
observed. The resulting calibration curves, as shown in figure 10 for P and S (see fig. S.4 in the electronic
supplementary information for Al, As, B, Mn, O, and Si), can then be used to determine the amount of analyte
in a sample. However, this procedure is much more elaborate than external calibration, since each sample
needs to be analyzed both alone and with several added amounts of standard solutions. Furthermore, several
values in the range of 0.980 to 0.990 can be observed, which is comparatively low. This is caused by
homogeneity issues within the samples. Only 10 mg of APT, WO3 and W could be added to ensure the amount
of analytes remained within the detector range after performing the standard addition procedure. In order to
analyze higher sample quantities and compensate for homogeneity issues, it is recommended that the external
calibration procedure be employed.
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Figure 10: Calibration curves for the emission lines of phosphor at 177.495 nm (a) and sulfur at 182.034 nm (b) obtained
after the addition of liquid standards to selected samples of APT

Statistical Analysis

The limits of detection were calculated according to DIN 326455, as outlined in previous studies.5' They are
located between 5 and 100 ppb, depending on the element, (see tab. 3) for those being calibrated with ICP-
standard solutions. Calcium oxalate monohydrate contains 54.7 % oxygen, whereby only 43.8 % are released
within the integration interval. This results in limits of detection of about 220 ppm for the emission line at
130.603 nm and about 380 ppm for the emission line at 130.485 nm, which is comparatively high for the

method.
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4 Table 3: Limits of detection (LOD) and quantification (LOQ) of all selected elements, calculated for a sa%)ryléo\ﬁ%?gg %681500173[)
5 25mg
? Element Wavelength LOD LoQ Alternative LOD LoQ
g [nm] [ppb] [ppb] wavelength [ppb] [ppb]
10 [nm]
1 Al 396.152 56.0 215.1 167.078 421 161.8
g As 189.042 67.1 254.3 228.812 58.3 221.0
14 B 249.773 18.7 71.9 249.677 26.9 103.3
1 Mn 259.373 9.9 38.1 260.569 11.2 43.2
P 177.495 26.7 98.8 213.618 28.9 107.7
S 182.034 85.0 324.4 180.731 95.5 364.8
Si 288.158 65.1 2201 251.612 55.5 187.4
(0] 130.603 219.9 ppm 720.3 130.485 377.8 ppm 1238.0

Since no certified reference materials were available in powder form at the time the study was conducted, an
in-house standard with a given S-content was used instead to evaluate precision and trueness. According to
the manufacturer, the sulfur content of two of the WOs-samples was determined at 150 ppb and 7 ppm via
glow discharge mass spectrometry (GD-MS). Further elemental contents were not given. Since the content at
150 ppb was below the calculated limit of quantification (see tab. 3), a statistical analysis was only possible for
the sample with 7 ppm of sulfur. Due to severe interference caused by tungsten emission lines, digesting the
samples and analyzing the resulting liquid after filtration of the remaining tungsten phases yielded no useful

element content.

The results are shown in table 4 and figure 11. Trueness is roughly evaluated based on the recovery rates and
the precision is given as the standard deviation (s) and the relative standard deviation (RSD) for each day,
respectively. The Box-and-Whisker-Plot (see. fig. 11) shows outliers that were removed to calculate the mass

fractions, standard deviations and recovery rates. Additionally, the stability of the measurements taken on

“‘m\fh% afici&istieded uriter € CRative Soriindis mtrﬁﬁuﬁb‘ngoﬁn&rt&ﬂ (e

different days is presented with n as the number of replicate measurements. It should be noted that day 1 to 4

&~ o QuenAceess Aicl ey Published onul9 Jung 2G26. 100yl Raded ou6/R0/202/ 12:50.37 AM

4
45 all fell within a one-month period, with day 5 occurring more than a year later.

46

47

48 Table 4: Comparison of sulfur concentrations determined in this study with an in-house WOj3 reference material with a
49 sulfur content of 7 ppm (25 mg sample weight)

50

51 Day Mass fraction s RSD n Recovery Rate s

52 [mg-kg] [mg-kg] [%] [%] [%]

gj 1 7.05 0.75 10.68 20 100.78 10.76

55 2 7.15 0.81 11.37 10 102.14 11.61

g? 3 7.05 0.02 0.34 2 100.67 0.34

58 4 7.46 0.54 7.17 5 106.62 7.65

Zg 5 7.06 0.90 12.68 5 100.86 12.79
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Figure 11: Box-and-Whisker-Plots of the recovery rates of sulfur (determined with the emission line at 182.034 nm) with
an in-house WO3 reference material with a sulfur content of 7 ppm at different days of analysis (25 mg sample weight,
number of measurements given in brackets below on the x-axis)

Recoveries were predominantly obtained in the range of 80-120 % (see. fig. 11) and precision was lower than
15 % relative standard deviation (RSD, see tab. 4). Values above or below this range, especially outliers, are
caused by inhomogeneities within the in-house reference material. The precision is comparable to that of other
ETV-ICP-OES studies.28:304546.52 Fyrthermore, no significant differences between measurements taken on
different days could be observed. In summary, this direct sampling method achieves adequate accuracy and
fulfills the expectations of an analytical methods for process-accompanying characterization since information

can be obtained with a measurement time of two minutes per sample.

Several samples of ammonium paratungstate ((NHz)10(H2W12042) - 4 H20; APT), blue tungsten oxide (WOQOzx),
yellow tungsten oxide (WOs3), metallic tungsten (W) and tungsten carbide (WC) were analyzed using the

developed method.

It was observed that the mass fractions of samples of two different manufacturers, that will be called A and B
hereinafter, were showing significant differences concerning the contaminants. These are presumably based
on different ore mining areas and manufacturing processes. This was chemometrically determined using a
Student’s t-test, where mean values of two samples are checked for significant differences.5® The necessary
values are calculated according to eq. 1. Here, x4 and xs represent the mean values of the specific element
contents in the samples from manufacturer A and manufacturer B, respectively. The values na and ng describe
the number of respective samples, and sq describes the weighted average standard deviation. The latter can

be calculated using eq. 2. The parameters are presented in table 5.

X4 —Xp ngn
t:| Bl , B (1)
Sd ng +ng

sg = \/(nA —1)-si+ (ng—1)-s3 (2)

nyg+ng—2
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f=ng+ng—2 (3)

The null hypothesis (x7 — x5z = 0) was considered to be fulfilled if the mean values do not differ significantly,

i.e., if the calculated t-value was smaller than the critical t-value ¢, ; _«. If this was not the case, the alternative
2

hypothesis (xz7 — x5 # 0) was considered to be fulfilled. The significance level a was set at 0.05 here, and the
number of degrees of freedom f was calculated using eq. 3. The critical t-values are tabulated in the literature.53
Element contents below the detection limit were included in the calculation as 0 ppm.

Table 5: Values and intermediate results required to calculate the t-values for each element in the different samples
depending on the manufacturer (t-values indicating significant differences are bolded)

Sample APT WO;.x + WO; WO3 w wcC
na 6 7 6 4

ns 4 7 5 2 2
f 8 12 9 4 -
(61008 1.860 1.782 1.833 2.132 -
t-values -
Al 1.058 1.519 1.898 1.895 -
As 7.683 2.395 4.600 2.895 -
B -* 3.068 7.424 -* -
Mn - 1.419 1.981 0.115 -
P 3.778 0.964 1.051 2.529 -
S 3.744 0.334 0.445 0.355 -
Si 3.790 0.641 0.304 1.797 -

* determined mass fractions of all samples < LOQ

In ammonium paratungstate samples, the elements As, P, S and Si are to be regarded as significantly different.
In tungsten oxides this concerns the elements As and B. If only the yellow tungsten oxides are taken into
account, the differences extend to Al and Mn. In metallic tungsten samples the elements As and P are to be
regarded as significantly different. A t-test for WC could not be carried out since only samples of one

manufacturer were available.

Conclusions

With the help of H2 as a suitable modifier gas, optimized plasma parameters and a temperature program up to
2450 °C, intermediate and end products along the production process of tungsten can be analyzed by ETV-
ICP-OES. If only the intermediates ammonium paratungstate and the tungsten oxides are used as samples, a
maximum temperature of 2000 °C is sufficient to evaporate the analytes. Elements of interest are Al, As, B,

Mn, O, P, S and Si, although the method can be extended to all practically relevant elements.

When using hydrogen as a modifier gas, only the analytes are evaporated, while the tungsten matrix remains
in the graphite boats of the ETV. Therefore, the lack of matrix-analogues reference materials can be

compensated by calibrating outside the matrix. For the majority of the chosen elements, the calibration can be
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performed by using dried aqueous standard solutions, which significantly improves the versatility of the ETV-

ICP-OES. Oxygen can be calibrated with calcium-oxalate monohydrate.

For the analysis, a sample mass of approximately 25 mg was found to be useful. In case of high element
concentrations, the initial weight can be lowered to 5 mg. Since the analysis takes about 2 minutes per sample
and next to no sample preparation is necessary, a high repetition rate is possible without much effort. To
compensate homogeneity issues or to generate lower limits of detection, the sample mass can also be
increased up to 40 mg. The limits of detection amongst the elements, which were calibrated by using dried
aqueous standard solutions, were determined between 10 and 100 ppb when 25 mg of tungsten samples were
analyzed. In case of oxygen, the LOD was to be found between 200 and 400 ppm. The limits of detection can

be further decreased by operating the system inside a clean room or a laminar flow box.
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