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A simple, rapid, and reliable method was developed for the direct determination of four high field strength
elements (HFSEs, namely, Nb, Ta, Zr, and Hf) in refractory silicate rocks using slurry nebulisation inductively
coupled plasma mass spectrometry (ICP-MS). Samples were dispersed in a 0.2% Triton X-100 solution by
wet-grinding with a tissue cell-destroyer, and 90% of the particles in the slurry were found to be less
than 1.5 pm in diameter during 90 s of milling. Fine slurry was directly introduced into ICP and detected
by mass spectrometry. The behaviors of different particle size distributions in the transportation and
ionisation processes were investigated. Results indicated that the cut-off size for particle efficient
transport (in the sample introduction system) and complete ionization (in the ICP) was approximately 8
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Introduction

Zr-Hf and Nb-Ta form two pairs of “twin” elements that are
known as “high field strength elements (HFSEs)”, and these are
of great interest in geochemistry and cosmochemistry." The
ratios (Zr/Nb or Hf/Ta) have been widely used to monitor the
degree of depletion/enrichment of mantle reservoirs relative to
the primitive mantle, because of the different affinities of Zr
(Hf) and Nb (Ta) for silicate melts.> Compared with the rock
involved carbonatitic magmas or associated with fluorine-rich
complexing fluids, the ratios of Zr/Hf and/or Nb/Ta show very
limited variations in rocks formed by processes involving partial
melting of silicate solids or fractional crystallisation of silicate
liquids.>* Therefore, it is important to acquire accurate and
precise data for these HFSEs at trace levels in silicate rocks.
X-ray fluorescence spectrometry (XRF) and instrumental
neutron activation analysis (INAA) have been widely used for the
determination of Zr-Nb or Hf-Ta, respectively.>® However,
these techniques cannot be used to analyse these four elements
simultaneously because of their inadequate sensitivity for many
geological materials." A highly sensitive and multi-element
simultaneous analytical method based on inductively coupled
plasma mass spectrometry (ICP-MS) has been developed to
measure the contents of HFSEs and other trace elements over
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silicate rock certified reference materials (CRMs).

the past three decades.” The dissolution of solid samples (by
acid digestion or alkaline fusion) is required before materials
are introduced into the ICP-MS instrument as aerosols of
aqueous solutions. There are presently two difficulties
encountered when using silicate digestion procedures for
HFSEs measurements. (i) First, HFSEs are generally present in
insoluble mineral phases, and thus, high pressure closed acid
digestion or alkaline fusion methods are needed to digest the
silicate rock samples completely. However, these methods
either require excessive times (>48 hours) or complicated
separation procedures to decrease the high total dissolved solid
(TDS) content of the final solution.*** (ii) Second, HFSEs easily
undergo hydrolysis and form insoluble compounds in the final
solution of samples (e.g. Nb and Ta), which results in poor
accuracy and precision for these elements compared to
others.”®*® To overcome the hydrolysis problem, researchers
have demonstrated that HFSEs can be stabilized in solution by
adding hydrofluoric acid (HF) for forming soluble HFSE-
F,>7,”?°but F~ can easily form fluoride precipitates with matrix
elements (e.g. Al, Mg, and Ca), which may adsorb HFSEs from
the HF solution and ultimately result in the loss of the
targets.**** Organic compounds (e.g. tartaric acid, citric acid,
oxalic acid, malic acid or alpha-hydroxy acids)**** also have
been employed to form soluble HFSE-complexes in the final
solution; however, it is more difficult to purify these organic
compounds than that of the HNO; or HF to avoid high reagent
blanks.
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An alternative technique based on the direct introduction of
aqueous suspensions of finely powdered solids (5-10 pm),
termed slurry nebulisation, has been successfully applied to the
direct ICP optical emission spectrometry (ICP-OES) analyses of
refractory materials.®*?° The slurry nebulisation technique
offers unique advantages over other types of solid sample
introduction methods such as laser ablation (LA)* or electro-
thermal evaporation (ETV)* because it has the potential for
calibration with aqueous standards, together with essentially
a conventional pneumatic sample introduction system.*
Although ICP-MS typically presents a three-order of magnitude
sensitivity and simple spectra better than those from ICP-OES,
there are few reports®** in the literature of slurry nebu-
lisation in ICP-MS, probably due to its low intolerance for
matrix effects owing to particle deposition on the sampler cone,
and the consequent need to dilute that impairs the detection
capability.*® Only one study based on the slurry nebulisation
ICP-MS technique to analyse Nb and Ta in 13 geological certi-
fied reference materials (CRMs) was found.” In that work,
a minimum of 15 h grinding was required to obtain particles 4
pm in diameter, and poor accuracy (the measured errors >50%)
was found for most of the geological CRMs.* The reason may
have been that the particle sizes of the geological samples were
too large to be transported and/or ionised when they were
introduced into the ICP plasma. Thus, more precise procedures
should be established for slurry preparation to use this system
for the routine analysis of trace levels of HFSEs in silicate
samples.

The ability to calibrate by using simple aqueous standards
would be a very important feature of the slurry nebulisation
method for direct elemental analysis of solid samples, because
solid standard samples with both complete matrix-matched
and similar particle size distribution characteristics are not
readily available. However, previous studies by ICP-OES on the
direct analysis of slurries indicated there is a limitation asso-
ciated with the use of solution standards.*”*®* Compared to the
signal response of Cr and Ni obtained by solution nebulisation
in plasma during the ICP technique, only 30-50% of the signal
response of Cr and Ni was obtained by slurry nebulisation with
a particle size of 6 um.*” Mochizuki et al.*®* observed that the
relative signal responses (RSRs) of rare earth elements were
improved up to 61-83% when a smaller particle size of 3 um was
adopted. Although long milling times (>8 h) were required to
obtain the desired particle size range (3 to 6 um), an obvious
trend of increases in the RSR with decreases in the particle size
was observed.*® Therefore, a value of the RSR close to 100% is
a good prerequisite for the direct use of simple aqueous stan-
dards to calibrate the slurry introduction technique. The aim of
this study was to develop a reliable slurry nebulisation ICP-MS
method that can be used to obtain accurate data on the
content of HFSEs in silicate rocks. A fast grinding method using
a tissue cell-destroyer was employed to produce fine particles of
<1.0 pm (mean particle size, D,,) in diameter during 90 s of
milling. The behavior of different sized particles in the silicate
slurry during the transportation and ionization processes of
suspension nebulisation ICP-MS was investigated in detail.
Results obtained by slurry nebulisation ICP-MS with aqueous
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standard calibrations were evaluated through comparisons with
the certified values for a series of silicate rock certified reference
materials.

Experimental
Instrumentation, reagents, and standards

All measurements were carried out on an Agilent 7700x single
quadrupole ICP-MS (Palo Alto, CA) with a conical U-series
nebuliser (Glass Expansion, Australia) and a Peltier-cooled
Scott-type double pass spray chamber (2 °C). The optimised
operating parameters for ICP-MS are listed in Table 1. A Mas-
tersizer 3000 laser diffraction analyser (Malvern PAnalytical
Ltd., England) with a measurement range extending from 0.01
to 3500 um was applied for the determination of the particle
size distribution. A Tissue Cell-Destroyer 1000 (Hubei Xin-
zongke Viral Disease Control Bio-Tech Ltd., China) was used to
obtain the series of the desirable particle sizes of silicate rocks
by changing the mill time.

High-purity water (resistivity of 18.2 MQ cm) obtained from
a Millipore water purification system (Darmstadt, Germany) was
used throughout for the preparation of samples and standard
solutions. The 1000 pg mL™" standard solutions of single
elements (e.g. Nb, Ta, Zr, Hf, Rh, and Re) were obtained from
the National Centre for Analysis and Testing of Steel Materials
(Beijing, China). Ultrapure Triton-100 was purchased from Alfa
Aesar Ltd (Tianjin, China). A series of CRMs covering different
types of silicate rocks (e.g. AGV-2, BCR-2, BHVO-2, GBW07103-
07, GBW07109-13, and GBW07121-25) were purchased from
the United States Geological Survey (USGS, USA), and the
Institute of Geophysical and Geochemical Exploration (IGGE,
China).

Slurry preparation

A total of 0.010 g of dry silicate CRMs (<74 pm) were ground up
with the tissue cell-destroyer together with 5.0 mL 0.2% m/v
Triton-100 and 0.5 g shaking beads (o.d. = 0.1 mm). After
milling by the optimised procedures (Table 2), the slurry was
diluted to 100 mL with the 0.2% m/v Triton-100 solution. Then,
it was directly introduced into the ICP and analysed by MS. The
particle size distribution in the slurry was examined by a Mas-
tersizer 3000 laser diffraction analyser. The mean particle size

Table 1 ICP-MS operation parameters

ICP-MS Agilent 7700x
RF power, W 1500
Plasma-gas flow, L min " 16
Auxiliary-gas flow, L min ™" 1.0
Nebulizer-gas flow, L min ™" 0.9

Sampling depth, mm 8

Sweeps 25

Reading per replicate 3

Dwell time, ms 50

Monitored isotopes 207y, 2*Nb, 7Hf, and '*'Ta

This journal is © The Royal Society of Chemistry 2019
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Table 2 Operation procedures of tissue cell-destroyer

Parameter Optimum values
Rotate speed, rpm 5500

Each mill time, s 10

Interval time, s 10

Total mill time, s 90
Temperature, °C 37

was 1.0 pm, and 90% of the particles in the slurry were smaller
than 1.5 pm in diameter during the 90 s of milling.

Transport and ionisation behavior of slurry particles

The particle size in slurry affects the transport and/or ionisation
efficiency and ultimately the sensitivity of the analytes. In this
work, the upper limit of the particle size that can be transported
into the ICP torch and completely ionised in the ICP was
determined. The transport behavior of slurry particles was
tested as follows: (i) slurry with a particle size of 15 pm (mill
time of about 30 s) was introduced into the nebuliser, and then,
the produced aerosol was trapped in water and measured by the
Mastersizer 3000 analyzer; (ii) after the slurry aerosol passed
through the spray chamber and the torch injector, it was trap-
ped in water and measured by the Mastersizer 3000 analyser,
respectively. The relative ionisation efficiency (RIE) was ob-
tained by calculating the ratio of the signal intensity of the
HSFEs in the particle slurry to those in aqueous solution con-
taining equivalent concentrations.

Results and discussion
Reduction of the silicate particle size

The particle size obtained by grinding depends on the milling
time for the refractory silicate rocks, and it can have a great
influence on the accuracy and precision. Following the first
study on the analysis of silicate rocks using the slurry nebu-
lisation technique, Jarvis and Williams*® found that the grain-
size distribution for diorite samples varies greatly. After 2 h of
grinding, there was a wide range of particle sizes (about 15% of
particles >60 um), and after 15 h of grinding, the required
particle size with a mean size of 2-4 pm was obtained.** Another
paper reported that it took 5 h to obtain good quantitative
recovery levels (>90% for Na and Ta) for silicate geological
samples when using slurry sampling ICP-OES with a planetary
ball mill.*® In this work, a new tissue cell-destroyer was
employed to investigate the relationship of the milling time and
particle size of the silicate rocks. As shown in Fig. 1a, the mean
diameter (D,,) for andesite AGV-2 decreased with the increasing
mill time, and no significant changes were observed when the
mill time was set to more than 90 s. When the mill time was
selected as 90 s, the curve of the particle size distribution
showed that homogenisation occurred within narrow size range
of 0.5 to 1.5 pm for 90% of the particles (Fig. 1b).

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Effect of mill time on the mean particle diameter (D) for

andesite AGV-2 certified reference material, and (b) the homogeni-
zation of particle size distributions at 90 s mill time. Dgg = 1.5 pm: 90%
of the particles in the slurry were smaller than 1.5 um in diameter.

Effect of particle size on transport efficiency

Some researchers have reported that only particles less than 10
um could contribute to the analyte emission signal in ICP-
OES.*** Fine particles preferentially migrate to the plasma
through selective transport because of the order-sorting of the
spray chamber and gravity effects. In order to investigate the
transport behavior of the silicate particles, the upper size limit
of the particles transported to the different parts of the intro-
duction system (e.g. chamber and torch) was evaluated. As
described in the Experimental section, the size distributions of
the slurry aerosols collected at the outlet of the nebuliser, outlet
of the spray chamber, and outlet of the torch injector were
determined, respectively. As shown in Fig. 2a, the size distri-
bution of particles collected at the torch outlet were obviously
smaller than those of the original slurry, and the cut-off size
(Dgp) reduced from 23 to 8 pm. We also found that the size
distribution of particles collected at the torch outlet displayed
no distinct difference from those of the spray chamber outlet,
and the size distribution of particles was almost the same
between the slurry aerosols collected from the nebuliser outlet
and the original slurry (Fig. 2a). The Dy, values of the particles
were ordered as follows: 23 (original slurry) = 23 (nebulizer
outlet) > 8.1 (spray chamber outlet) > 8.0 (torch outlet). The
upper size limit (Do) of the silicate particles transported to the
plasma during the ICP method was approximately 8 pm, which
is in accordance with the results that ranged from 7 to 10 pm for
ceramic materials.*® This means that silicate particles with
a size less than 8 pm can reach the plasma, and thus, our used
particle mean size of 1.0 pm (Dgo = 1.5 pm) was confirmed to be
small enough for slurry nebulisation ICP-MS.

Effect of particle size on the ionisation efficiency

Another important factor to ensure the consistency of the ion
sensitivity between the slurry nebulisation and aqueous

RSC Adv., 2019, 9, 32435-32440 | 32437
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Fig. 2 (a) Particle size distributions of the slurry aerosol collected

outlet of the ICP torch, spray chamber outlet, nebulizer outlet, and the
original slurry; (b) the effect of particle sizes on the relative ionisation
efficiency (RIE) for andesite AGV-2. Dgg means 90% of the particles in
the slurry were smaller than XX um in diameter. Relative ionization
efficiency (RIE), obtained by calculating the ratios of the signal intensity
of the HSFEs in particle slurry to those in aqueous solution containing
equivalent concentration.

nebulisation is the ionisation behaviour in plasma during the
ICP-MS method. Generally, the finer the particle aerosol is, the
easier it is to be ionised. In this work, the RIE was invoked to
investigate the effects of particle size on target ionisation. The
RIE percentages of andesite AGV-2 powders in different particle
sizes were simply calculated by eqn (1) as follows:

Signalslu.

RIE, =
* Signal

x 100% )]
aqu.

In the above equation, Signalgy,. is the signal intensity of Ta (in
counts per second, CPS) obtained by slurry nebulisation ICP-MS
with a 0.1% slurry concentration; Signal,q, is the signal
intensity of Ta (in CPS) by conventional aqueous nebulization
containing equivalent concentration.

The effects of particle size on the RIE percentages of AGV-2
slurry powders are shown in Fig. 2b. The upper limit of the
silicate particle size that can be completely ionised (RIE, >95%)
in the plasma was approximately 4 um. The ionisation efficiency
decreased with the increasing particle size, and only about 48%
of the particle mass could be ionised at a particle size of 8 um.
Our calculated size of the complete ionisation (4 pum) was
obviously smaller than that of complete vaporisation (7 pm)
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reported by Wang et al.*® This can be explained by the fact that
the complete ionisation of particles (for ICP-MS) requires more
energy than particle evaporation (for ICP-OES). The results
indicated that the HSFEs in the fine silicate slurry (mean
particle size of 1.0 um) can be completely ionised in ICP. As
shown in Fig. 3, differences in ICP-MS sensitivity between the
aqueous solution and the fine slurry were less than 5%, and
these levels were deemed acceptable for quantification
purposes. This finding partly resulted from the almost identical
behavior of the material during transport and ionisation.

Analytical performances

Calibration curves of the standard aqueous solutions were
constructed in the range of 0.1-200 ng mL " for the analytes.
Satisfactory results were obtained for the linear correlation
coefficient (R* > 0.999). The limit of quantification (LOQ) for
the HSFEs was calculated as 10 times the standard deviation
of 10 procedure blank measurements (taken at a 1000 times
dilution), respectively. The LOQ values for this method (18-
30 ng g ') were comparable to those for solution nebulisation
ICP-MS following high pressure closed acid digestion (11-42
ng g~ '); however, the proposed slurry nebulisation ICP-MS
method is simple, fast, easy to operate, and does not need
a labour-intensive and time-consuming sample digestion
procedure.

Analysis of rock CRMs

To evaluate the accuracy and precision of the rapid method,
a series of silicate rock CRMs were analysed by the proposed
slurry nebulisation ICP-MS method. Fig. 4 shows the measured
values and the certified values for these CRMs. The certified
values were taken from the website of GeoReM™® and the China
Geological Reference Materials Data Sharing Service System,>*
respectively. The measured values were in good agreement with
the reference values (recovery, 91 to 103%), and the precision

1.2 1

1 AGV-2 BCR-2

ol

0.9

"

Relative signal (slurry to solution)

T

0.8

Nb Ta Zr Hf Nb Ta Zr Hf Nb Ta Zr Hf

Analytes

Fig.3 Sensitivity differences for Nb, Ta, Zr, and Hf between the slurries
of rock reference materials (AGV-2, BCR-2, and BHVO-2) and the
aqueous solution containing equivalent concentration.
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Fig. 4 Comparison of the measured values and the certified values for 18 silicate rock certified reference materials (CRMs).

(RSD, n = 3) ranged from 0.9 to 6.3% for HSFE contents of 0.18
to 1540 pug g~ .

Conclusion

Ultra-fine silicate particles (mean particle size, <1.0 pm) were
obtained by wet-grinding with a tissue cell-destroyer during 90 s
of milling. Our experiments indicated that the fine silicate
slurries with a particle size of <4 um showed comparable
transportation efficiencies and ionisation efficiencies with the
aqueous standard solutions. Calibrations for slurry nebu-
lisation ICP-MS were simply carried out by using aqueous
solution standards without any other procedures (i.e. internal
standards or correction factors). Satisfactory measurement
results for 18 rock CRMs obtained from slurry nebulisation ICP-
MS were in good agreement with the certified values. This
technique can therefore provide a good alternative for the rapid
determination of Nb, Ta, Zr, and Hf in refractory silicate rocks.
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