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Abstract
The objective of this thesis was to explore alternative sample introduction techniques for inductively
coupled plasma mass spectrometry (ICPMS) and optical emission spectrometry (ICPOES). This work
was conducted as part of a Collaborative Research and Development project with Activation Laboratories
Ltd., Ancaster, Ontario.
1.

The first approach involved the development of a sample preparation method for the direct

analysis of lithium borate fused X-ray fluorescence (XRF) discs by ICPMS with a mixed-gas plasma and
flow injection for the introduction of slurries into the ICP. Three dispersing agents were initially explored,
however a 4% (m/m) solution of Triton-X in 2% HNO3 DDW was found to homogenously suspend the
ground particulate in solution, yielding highly reproducible injection peaks. External calibration by
aqueous standards did not yield consistent results to the certified values at high slurry concentrations,
regardless if matrix matching of the standard was performed. Calibration by standard addition was also
explored and was found to be most accurate when the slurry concentration was well diluted and that the
flow rate of the carrier did not exceed 1 mL/min, as it was suspected that particle agglomeration was
occurring at higher slurry concentration and higher flow rates.
2.

The second approach involved electrothermal vaporization (ETV) coupled to ICPOES for the

analysis of solid fire assay buttons. A nebulization/pre-evaporation system was initially explored to
prevent plasma overloading due to the mass of the button, however a N2 sheath gas was selected as it
provided higher plasma robustness conditions to that of the previous approach. External calibration by
aqueous standards were improved upon through utilization of the internal ETV temperature program and
a venting valve system for the drying of solution. Significant Ag2S deposition along the inner transfer
tube prevented accurate agreement of calculated to certified values by both aqueous and solid external
calibration due to the differences in transport efficiencies. The addition of an optimized H2 gas flow rate
into the reaction gas aided in reducing Ag2S deposition along the transfer tube to the plasma, however
non-proportional signal to mass intensities were still observed as Ag2S deposition was not eliminated.
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Chapter 1: Introduction
1.1 Inductively Coupled Plasma (ICP) Mass Spectrometry vs. ICP Optical Emission
Spectrometry
Choosing the appropriate analytical instrumentation and its applications are fundamental
to the success of any research project. Inductively coupled plasma mass spectrometry (ICPMS)
and optical emission spectrometry (ICPOES) are two techniques widely used for the multielemental analysis of industrial, biological, environmental, pharmaceutical and forensic science
samples [1]. Both techniques have continued to improve over the last decade in regard to their
sample introduction systems, detection limits and sensitivities. While both have the ability to
perform multi-elemental analysis, ICPOES is often the favorite choice for trace metal analysis
(μg/g) due to its simplistic use, while ICPMS is more exclusively used for ultra-trace analysis
(μg/kg) due to its improved sensitivity, detection limits and wider dynamic linear range over that
of ICPOES [2].
Although ICPMS is often viewed as a superior technique to ICPOES, it is not however
invulnerable to disadvantages. One such disadvantage is that ICPMS is less tolerable to dissolved
solids than ICPOES. Solutions containing more than 0.2% (m/v) of dissolved solids, must be
pre-treated prior to aspiration to prevent the gradual clogging of the interface cones. Due to the
lack of cones in ICPOES, the instrument is able to handle higher dissolved solid content, and thus
result in a higher sample throughput and a more simplistic sample preparation method [3, 4]. A
second disadvantage of ICPMS is that it is more susceptible to matrix effects (non-spectroscopic
interferences). It is notable that ICPOES is more robust (free of chemical interferences) than
ICPMS due to the passive measurement of emitted light of both atoms and ions in ICPOES in
comparison to the physical extraction of ions from the plasma in ICPMS [4].
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1.2 Plasma Generation in ICP Spectrometry
Argon plasmas are conventional for ICP spectrometry because of their numerous
benefits. Argon’s high natural abundance allows it to be a cheaper option in comparison to other
noble gasses. Additionally, argon’s high first ionization potential makes it suitable for most
elemental ionization, except for He, F and Ne. These elements bear a higher ionization potential
than that of argon (for example, Ar has an ionization potential of 15.8 eV while that of F is 17.4
eV) [1].
Conventional setups of ICP spectrometry employ a nebulizer, spray chamber and quartz
torch. Figure 1.1 illustrates an ICP quartz torch assembly, comprised of three concentric quartz
tubes: the outer, intermediate, and inner gas tubes [5]. Argon flowing tangentially in the outermost tube of the torch is responsible for sustaining the plasma, also cooling the outer walls to
prevent melting in the process. The auxiliary gas flows tangentially within the intermediate tube
and is used to position the plasma above the injector. The aerosol carrier gas flow is responsible
for carrying the sample aerosol through the inner tube and punching a hole in the plasma, thus
creating the central channel of the plasma [6]. Mixed-gas plasmas can also be created, by adding
foreign gases to one or more of the gas flow of an argon pure ICP plasma. This requires that an
argon plasma must be generated, sustained and held stable prior to the slow introduction of other
gasses [7].
A copper coil (load coil) surrounds the upper portion of the torch, which is connected to a
radio frequency (RF) generator. By applying RF power to the load coil (1-1.7 kW), a resulting
alternating current is produced within the coil, oscillating at a frequency corresponding to that of
the generator. This high-frequency oscillation produces electric and magnetic fields inside the
upper portion torch. As argon gas flows through the outer tube of the torch, a spark from a Tesla
coil strips electrons from some argon atoms resulting in ions. This initial stripping of electrons
acts as a “seed” upon which the electrons are accelerated by the magnetic field, yielding
2

additional collisions with argon atoms and stripping off electrons in a chain reaction. These
cumulative events lead to the production of the ICP discharge, consisting of Ar atoms, electrons,
and Ar ions. The plasma is then sustained as continual RF energy is supplied to the load coil,
where the energy is transferred to new argon through the inductive coupling process [6].

Figure 1.1: Schematic of the ICP torch assembly with the three concentric quartz tubes and zones
of the plasma [5].

As sample aerosol is introduced into the central channel of the plasma (~10,000 K), the
sample is first subjected to desolvation in which the solvent is removed from the aerosol, leaving
behind microscopic solid particles. These solid particles are vaporized into gaseous molecules
and then atomized by the plasma. This process predominantly occurs in the preheating zone
(PHZ), whereas the excitation and ionization of the atoms occur further up in the plasma,
respectively in the initial radiation zone (IRZ) and the normal analytical zone (NAZ) as seen in
3

figure 1.1. The ionization of atoms is a result of the collision of analyte atoms with free highenergy electrons, charge transfer from the plasma, or from other charged species. The relaxation
of excited state atoms and ions ultimately results in the characteristic emission of radiation,
typically measured by the detector in the NAZ zone in ICPOES [7].

1.3 Fundamental Components of ICPOES
1.3.1 Plasma Viewing Mode and Detectors
Two different plasma viewing configurations, lateral and axial can be used to view the
light emitted by the plasma (Figure 1.2). The SPECTRO ARCOS ICPOES instrument used in this
work uses a lateral view design rather than the axial configuration as it is inherently more robust,
due to the entrance slit positioned to view the NAZ [6]. However, detection limits can be
improved by viewing the plasma axially as a result of the reduced Ar background, and because
the sample path is longer than that of the lateral view resulting in a larger observation region [8,
9].

Figure 1.2: Schematic diagram of the two viewing modes for the ICP. Lateral (left) and axial
(right); modified from [14].

Once the emitted polychromatic light from an analyte has been collected using the
focusing optics, it must be differentiated from the emission of another analyte or interferences
using a spectrometer. The ARCOS instrument utilizes a Rowland Circle polychromator (Figure
4

1.3) to focus the incoming polychromatic light onto three reflection diffraction gratings in order
to separate it into monocratic light prior to reaching the detectors. With the design, light from the
plasma enters the Rowland circle from the entrance slit and is then dispersed by a concave grating
onto multiple detectors around the circle for the simultaneous detection of multiple elements [10].
The detectors that line the polychromator are linear charged coupled devices (CCDs), which are
small devices composed of a small metal electrode, SiO2 insulating material and a p-type silicon
substrate. CCD based spectrometers are able to simultaneously capture the entire spectrum (130770 nm). As photons strike the silicon surface, free electrons are produced through a photoelectric
effect. These electrons are stored in potential wells until a voltage is applied to transfer all the
electrons to the neighboring pixel. Once this process concludes, the electrons are moved to be
read as an electrical signal and recorded [10]. CCDs are ideal detectors for ICP spectrometry as
they offer a large dynamic range, low background noise and have high sensitivity, in comparison
to earlier photomultiplier tube (PMT) detectors which suffer in measuring the entire spectrum
[11-13].

Figure 1.3: SPECTRO ARCOS Rowland circle design [15].

5

1.4 Fundamental Components of ICPMS
1.4.1 Plasma Region Interface
As ions are produced in the plasma, they are extracted through the differentially pumped
interface of the mass spectrometer, held under vacuum at a pressure of 1-2 Torr by a mechanical
roughing pump. Two metallic cones (usually made of nickel) referred to as the sampler and
skimmer cones make up the interface region (Figure 1.4). The small office opening (0.6-1.2 mm)
of the cones allow the ions to pass through toward the ion optics system, where they are further
directed toward the mass separator by an array of lenses and mirrors. The interface region of the
mass spectrometer plays an important role in effectively transporting the ions from the plasma, at
atmospheric pressure (760 Torr) to the analyzer region at an approximate pressure of 10-6 Torr.
Due to capacitive coupling between the RF coil and the plasma, a potential difference of a few
hundred volts may be produced, thus resulting in a secondary discharge between the plasma and
sampler cone. If let unaltered, the discharge leads to an increase in the formation of interfering
species and affects the kinetic energy of ions entering the mass spectrometer. Centre-tap
grounding the RF coil, or the use of interlaced coils as on the Varian 820MS instrument,
eliminates the secondary discharge [16].

Figure 1.4: Schematic representation of a sampling interface in ICPMS [17].
6

1.4.2 Quadrupole Mass Analyzer
Quadrupole mass analyzers in ICPMS are considered to be the most common mass
separation devices used, and the first to be commercialized. As a result of significant
advancements into quadrupole-based ICPMS operation, it is now considered a mature, highthroughput, ultra-trace elemental analysis technique. A quadrupole consists of four equal length
(15-20 cm) stainless steel or molybdenum, cylindrical or hyperbolic metallic rods, that are
operated at a frequency of 2-3 MHz (Figure 1.5). By applying a selected optimum AC/DC ratio
on opposing pairs of rods, only ions of a certain mass to charge ratio (m/z) can take a stable path
through the quadrupole. The other ions of different m/z are ejected from the mass analyzer due to
lack of stability. Further sequential scanning allows for other analyte ions of m/z to successfully
pass through the quadrupole and reach the detector.
A quadrupole mass analyzer is governed by two important specifications that allow it to
separate an analyte ion from a spectroscopic interference. The first is the resolving power R,
which is represented by equation 1:
(1) R = m/Δm
where m is the nominal mass of the peak of interest, and Δm is the mass difference between two
resolved peaks of equal intensity. Quadrupoles typically have a resolving power of 300-400. This
corresponds to a resolution, or peak width at 10% peak height, of 0.7-1.0 amu. The second is the
abundance sensitivity, which is defined as the signal contribution of a tail from an adjacent peak
one mass unit lower and higher than that of the defined analyte peak [16, 18].
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Figure 1.5: Schematic representation of resonant and non-resonant ions pathway through the
quadrupole mass analyzer to the detector; modified from [19].

1.4.3 Electron Multiplier Ion Detector
There are two common forms of electron multipliers utilized in mass spectrometry, the
discrete-dynode electron multiplier and the continuous-dynode electron multiplier. An electron
multiplier (EM) at the basic level is responsible for detecting the presence of selected m/z ions
passed through the mass analyzer (Figure 1.6). Based on how effectively the EM carries out its
role, the overall system sensitivity may be limited as a consequence. A discrete-dynode electron
multiplier (DDEM) detector is generally positioned off-axis in order to minimize background
noise and neutral species that are emitted from the ion source. Typically, a DDEM consists of
between 12 and 24 dynodes, with a potential difference being applied across the dynodes such
that the front is less positive than the back [20]. When a charged ion exiting the quadrupole
strikes the first dynode, secondary electrons are liberated from the surface layer, and are directed
8

to the next dynode due to the electro-optic design. This process of striking and generation of
additional secondary electrons repeats, as the signal amplifies upon contact with the sequential
dynodes until they are captured by the multiplier collector or anode. EMs are able to produce
detectable signals from even single ions, as a result of their internal gain of 106-107 [21]. Typical
ICPMS instruments are capable of exerting a linear dynamic range of roughly 5 orders of
magnitude using the pulse-counting mode. In order to improve and extend the working linear
dynamic range, a modern approach utilizes two detection modes. The analogue mode is used for
elements at high concentrations, and a digital, pulse-counting mode for high-sensitive detection of
elements present at low concentrations [16].

Figure 1.6: Schematic of a discrete-dynode electron multiplier (Image received from Shimadzu
Scientific Instruments).
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1.5 Sample Introduction System
1.5.1 Conventional sample introduction system for ICP spectrometry
Liquid sample introduction is an attractive method for ICP spectrometry due to its
reliability and simplistic use [22]. A conventional liquid introduction system consists of a
nebulizer, spray chamber and a peristaltic pump to deliver consistently solution to the nebulizer
[23]. Generation of fine aerosol is important prior to sample introduction into the plasma, as the
plasma itself is inefficient at dissociating large droplets. Therefore, sample introduction has been
previously referred to as the “Achilles Heel” of ICP spectrometry, as only 1-2% of the sample
reaches the plasma, limiting the overall transport efficiency and in turn the sensitivity and
detection limit [22, 16]. Transport efficiency is defined as the ratio of the amount of analyte
entering the plasma to the amount of analyte aspirated. An estimation of the transport efficiency
can be calculated by collecting the waste volume excreted from the spray chamber and comparing
it to the total sample uptake volume [24].

1.5.2 Pneumatic Nebulizers
Concentric pneumatic nebulizers (PN) (Figure 1.7) are most commonly used in ICP
spectrometry as they provide excellent sensitivity and stability; however, they are prone to
clogging problems due to their small orifices. As sample is introduced into a small capillary, a
combination of low pressure and a high gas flow rate cause the aerosol to break up into small
droplets. A second type of pneumatic nebulizer is the cross-flow nebulizer, in which two capillary
tubes are set at right angles to each other. Contact between the high flow Ar perpendicular to the
sample solution, results in aerosol formation. Although crossflow nebulizers are generally not as
sensitive as concentric nebulizers, they are less prone to clogging problems due to their larger
diameter capillaries. A third type of pneumatic nebulizer is the V-groove nebulizer, in which the
liquid sample flows over a small hole in a v-shaped groove. A high Ar gas flow rate through the
10

small opening impacts the stream of liquid to form small droplets. V-groove nebulizers are
advantageous as they allow for solutions that contain high salt and particulate concentrations [6,
16, 23].
In order to introduce complex matrices with high dissolved solids, a parallel-path
nebulizer (Burgener nebulizer) is critical to ensure that no clogging occurs over a large range of
sample flow rates. The large bore tube parallel to the gas outlet prevents clogging and allows for
the Ar gas to impact the sample at the center of the gas stream, which results in the liquid being
dispersed at the highest speed producing consistent fine aerosol (Figure 1.8) [25].

Figure 1.7: Concentric pneumatic nebulizer used for ICP spectrometry [6].
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Figure 1.8: Parallel-path nebulizer, with highlighted section of the nebulizer tip emphasizing the
liquid sample impacting the center of the gas stream. Modified from [25].

1.5.3 Scott Double-Pass Spray Chamber vs. Cyclonic Spray Chamber
Once an aerosol has been produced by the nebulizer it is transported to a spray chamber
whose main function is to filter the aerosol generated, by only allowing droplets with a diameter
smaller than 10 μm to pass through the spray chamber. The size restriction is necessary in order
to prevent large droplets from cooling and thus overloading the plasma [6]. The two most
commonly used types of spray chambers are the Scott double-pass spray chamber and the
cyclonic spray chamber (Figure 1.9). The Scott double-pass spray chamber with its inherent
longer path-length only allows for the smallest droplets to pass through the inner tube, outer tube
and toward the plasma. Larger droplets are primarily removed from the stream through collision
against the inner-tube wall.
The cyclonic spray chamber design causes the aerosol generated from the nebulizer to
move in a spiral movement close to the walls of the chamber. This turbulent flow promotes the
collision of larger droplets against the inner walls, only allowing small droplets to enter the torch
injector. Although the cyclonic spray chamber does not filter the droplets as well as the Scott
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double-pass, its smaller volume aids in a faster wash-out time, as well as provides higher analyte
and solvent transport to the plasma [26].
Al Hejami and Beauchemin found that by applying infrared heating to commercially
available spray chambers such as the Scott double-pass and cyclonic models, there was an overall
improvement in detection limit. On average, detection limits of 29 elements were improved by 23 fold when a rope heater was wrapped around the spray chamber up to the base of the torch.
Additionally, IR block heaters were also explored by positioning them in a similar manner to that
of the rope heater, improving detection limits of the 29 elements by 5-10 fold [27].

Figure 1.9: (a) Scott double-pass spray chamber design (b) Cyclonic spray chamber design [26].

1.6 Alternative Sample Introduction Systems and Sample Preparation
1.6.1 Electrothermal Vaporization (ETV)
Electrothermal vaporization (Figure 1.10) is an attractive alternative sample introduction
technique for ICP-spectrometry. It is advantageous when introducing solid materials or slurries
as it bypasses the need of hazardous chemicals for digestion, lessens the risk of contamination
and only requires a small amount of sample in comparison to traditional pneumatic nebulization
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[28, 29]. In addition, spectroscopic interferences in ICPOES can be prevented as the temperature
program can be used to separate the analyte from interfering elements based on their individual
vaporization temperatures [30].
In ETV-ICP analysis, samples are loaded onto a graphite boat and placed into a graphite
furnace for pyrolysis and vaporization. During the pyrolysis phase, a low temperature is applied
to the furnace for matrix removal; a chemical modifier is also added to increase the volatility of
the analytes. A higher vaporization temperature (2200-3000 °C) is subsequently used to vaporize
the sample; the resulting sample vapor is transported to the ICP by an Ar carrier gas [31]. In order
to keep analyte loss to a minimum, a Teflon or tygon transfer tube should be used with the
shortest length as possible. In addition, introducing a high bypass gas flow rate helps to prevent
the sticking of analyte to the transfer tube. A theoretical sample introduction efficiency of 100%
is achievable with ETV, although factors including elemental volatility and composition of matrix
can affect the vaporization and transport efficiency, leading to less than 100% transport efficiency
[32].

Figure 1.10: Schematic diagram of principle operation of an ETV system [33].
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1.6.2 Flow Injection (FI)
Flow injection works by injecting a liquid sample through a loop on a 6-7 valve that
allows for a continuously moving carrier supplied by a peristaltic pump to sweep the sample
aliquot to the sample introduction system. Sample is loaded into a volume specific sample loop
and then injected upon switching into the “inject” valve position. FI is advantageous as it allows
for defined sample volume introduction which can decrease the sample volume required for
analysis and allow for a greater control over dispersion of solution. As an exact volume is
injected, a transient output signal is observed instead of a steady-state signal that would be
traditionally measured during continuous aspiration of solution [34]. Ensuring that the sample
path length is short minimizes sample dispersion into the carrier, producing more defined and
intense analyte peaks [35].

1.6.3 Slurries and Surfactants
Many analytical methods rely on concentrated acids such as HF and HClO4 to digest
samples prior to sample introduction into ICP spectrometers. However, such methods can lead to
the incomplete dissolution of the sample. Slurry nebulization circumvents this problem and
reduces sample preparation time by directly introducing an aqueous suspension of fine powder
into the ICP. Slurry analysis has been used in many applications such as for the analysis of
organic material, sediments, food samples and plant materials. It is also advantageous as the
instrument can be calibrated using aqueous standards if the slurry behaves in an analogous way.
One of the most important parameters affecting analytical performance when working with
slurries is particle size; which is the limiting factor in analyte recovery. Ebdon et al. had
measured that particles of 10 μm in diameter had led to a transport efficiency of 3-4% in
comparison to 14-15% when the particle size was reduced to 5 μm. Ultimately, particle size must
be < 20 μm for efficient nebulization and atomization in the plasma [36, 37].
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There are many different grinding methods that can be used to reduce the solid particle
size such as the ‘bottle and bead’ method or the use of an electronic micronizing mill. The bottle
and bead method has been most commonly used due to its low cost and simplistic procedure,
offering a wide array of materials to be ground for slurry analysis. Its application involves solid
material being added to polypropylene bottle (0.1-1.0 g) and approximately 10 g of zirconia beads
is added on top. The bottle is then left to be shaken on a wrist action laboratory shaker for the
desired amount of time. As the zirconia beads introduce contaminants with this method, more
contaminants are introduced the longer the length of time employed for grinding occurs.
Simply preparing the finely ground material into an aqueous medium is not sufficient in
ensuring a well dispersed homogenous solution, as rapid sedimentation of the powder occurs.
Introducing a stabilizing agent known as a ‘dispersant’ or ‘surfactant’ can overcome this
challenge and prevent agglomeration of particles. Surfactants are amphiphilic compounds that
lower the surface tension between two liquids or a liquid and a solid. As a surfactant is dissolved
into water, it adsorbs at the interface between the air and water as well as forms aggregates such
as micelles in the bulk aqueous phase. These micelles ensure repulsion between particles through
a combination of electrostatic stabilization and or steric stabilization. Choosing the appropriate
surfactant and its mass per volume concentration for its desired application is critical in preparing
stable homogenous slurries [36].

1.7 Mixed-Gas Plasmas
Mixed-gas plasmas are a simple way of obtaining robust plasma conditions. They
involve the addition of a foreign molecular gas, usually N2 or H2, to partially or completely
replace one of the four plasma gas flows: outer, intermediate, nebulizer or sheath. Mixed-gas
plasmas with N2 added to the outer gas are advantageous as they have been shown to increase
plasma power density, suppress oxide formation and reduce matrix effects at the cost of analyte
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sensitivity [38]. Plasma robustness is commonly measured by the MgII (280.270 nm)/MgI
(285.213 nm) ratio in ICPOES, where a ratio of at least 8 indicates a robust plasma condition
[39]. In ICPMS the CeO+ / Ce+ ratio is a good indicator of robust condition, where a lower ratio is
indicative of a more robust plasma [40, 41]. The addition of N2 increases the energy transfer
between the bulk plasma and central channel as it has a higher thermal conductivity than Ar. This
phenomenon may be also explained by the physical property of N2 which causes a plasma volume
reduction known as a thermal pinch. This shrinking of the plasma allows for an increased applied
power density in an isolated area, allowing for a higher power for excitation and ionization [42,
38]. However, the reduction in plasma size shifts the plasma further from the sampling cone.
Simply increasing the nebulizer flow rate allows for the ion zone of the plasma to move back
toward the cone to help maintain analyte sensitivity. Additionally, when N2 is added to the outer
gas, oxide formation in the plasma is found to be at a minimum. This may happen in two ways:
the first involves the decomposition of oxide species in the plasma due to the increased power
density. The second involves nitrogen acting as an oxygen scavenger and removing the O+
species from the plasma through formation of NO+ thereby preventing the formation of metaloxides [43].
The introduction of H2 gas as a sheath into the central channel of the plasma, much like
N2 can improve the energy transfer from the surrounding plasma to the central channel, leading to
improvements in sensitivity and detection limits. This may be as a result of the higher thermal
conductivity than that of a pure Ar plasma, or of N2 in an Ar-N2 mixed-gas plasma [38, 39]. It is
therefore ideal in utilizing a N2 mixed-gas plasma in addition to a H2 sheath to produce robust
plasma conditions.
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1.8 Objectives
Given all the problems associated with the acid dissolution of geological solid samples,
either directly or following fusion, prior to analysis by ICPMS and IPCOES, this thesis aims to
explore alternative sample introduction techniques that avoid this dissolution step altogether. The
thesis had two main objectives:
Objective 1 (addressed in Chapter 2): The development of a simple sample preparation
method for the direct analysis of lithium borate fused XRF discs by ICPMS with a mixed-gas
plasma and flow injection for the introduction of slurries into the ICP. Current limitations with
traditional acid digestion and nebulization of the melt include improper dissolution and
degradation of the sensitivity, detection limit and stability that ensues from dilution. To
circumvent them, preparation of stable slurries avoids the dissolution step with acids, while FI
allows for discrete volume introduction and reduced sample loading due to the high concentration
of total dissolved solids (TDS).
Objective 2 (addressed in Chapter 3): The development of a simplistic method for ETV-ICPOES
for the analysis of solid fire assay buttons with a mixed-gas plasma to increase plasma robustness
and to circumvent sample loading effects on the plasma. To this end, solid sampling allows for
the avoidance of acid digestion and concurrent dilutions that lead to the degradation of detection
limit and stability of solution. Investigation of external calibration by means of aqueous standard
solutions would serve as a simple and cost-effective approach by eliminating the need to purchase
certified reference materials (CRMs) that contain precious earth metals. Finally, the addition of
H2 gas into the furnace was explored in an attempt to reduce the formation of solid Ag2S that
would potentially lead to a lower analyte transport efficiency to the plasma.
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Chapter 2: Flow Injection of Slurries of Lithium Borate Fusion Discs
for Multi-Elemental Analysis by Mixed-Gas Inductively Coupled
Plasma Mass Spectrometry

2.1 Introduction
Fusion methods with melting fluxes of LiBO2, Li2B4O7 are popular sample preparation
techniques for analysis with XRF or ICPMS. In particular, ICPMS relies heavily on its sample
preparation in order to obtain accurate results as complete sample dissolution is paramount to its
success. In geological samples, basaltic rock samples can be digested using a highly concentrated
mixed acid solution. However, samples that contain well-crystalized zirconia or other refractory
minerals such as silica and alumina-based materials must be fused using a lithium borate fusion.
Fusions are safe, provide high purity homogenous samples and require less sample preparation
time than conventional acid digestions [1, 2].
The fusion procedure typically consists of mixing the ground sample with lithium borate
flux in a 10:1 or 5:1 ratio of flux to sample inside a 95% platinum / 5% gold crucible to prevent
sticking. A 10:1 ratio of flux to sample allows for a good compromise in terms of sensitivity and
reduction of matrix effects [3]. The mixture is then placed into a furnace to be heated to 1100°C
until a homogenous melt is formed. The melt can then be poured into a cast and cooled to
produce an XRF disc, or the hot melt is poured into a beaker and dissolved in dilute HNO3, before
being diluted further with doubly deionized water (DDW) prior to ICPMS analysis [4].
The main problem with this procedure is that fluctuations in acid concentration, heating
temperature and length of mixing time can lead to incomplete dissolution of the melt. This would
inherently lead to negatively biased results. In addition, the concurrent dilution associated with
the dissolution step would unavoidably degrade the sensitivity, detection limits and stability of
solution at lower concentrations.
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Slurry nebulization provides an excellent alternative that avoids multiple dilutions
traditionally seen in fusion analysis by ICPMS. Although slurry nebulization has not been widely
adopted, it is advantageous as it provides a low cost, high sample throughput sample introduction
technique that only requires small sample quantities for analysis [5, 6]. Particle size and slurry
concentration however are important factors that must be considered when performing the direct
analysis of slurries. Achieving uniform particles < 20 µm is essential for their proper atomization
and ionization in the plasma, where concentration (m/v) must be dilute enough for sample loading
on the plasma to be at a minimum but high enough that precision is not degraded [6, 7]. Due to its
versatility as a sample introduction technique, slurry nebulization has been used for a variety of
applications such as in the analysis of advanced ceramic material, and the determination of
platinum-group elements and gold in solid samples [5, 8].
Persaud et al. [9] had previously explored partial leaching as an aid to slurry nebulization
of soils for their analysis by ICPMS with flow injection and a mixed-gas plasma. As obtaining
small uniform particle sizes is recommended to minimize the variation amongst aerosol droplets,
an acid leaching of the slurry was performed with 1 mol/L HNO3. It was found that this medium,
which also served as a dispersing agent, provided the best compromise for precision, detection
limit and sensitivity. A FI injection manifold was used to introduce higher concentrations of
slurries, while co-optimization of the percentage of N2, the forward power, and the carrier gas
flow rates was done to minimize the difference in sensitivities between CRMs. As compromised
conditions were chosen, accurate results were obtained for La and Pb in the reference materials.
However, the results for V and Cr were low, indicating that the compromised conditions did not
allow for these elements to be effectively atomized/ionized in the plasma [9]
The objective of this chapter was to develop a simple sample preparation method for
lithium borate fused CRM discs, to avoid the use of acids prior to sample introduction into
ICPMS. It is justifiable in stating that slurry analysis with its numerous advantages over
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traditional nebulization will provide an inherently more robust sample preparation and analysis
procedure. Furthermore, a flow injection valve was used to help maintain control over particle
dispersion in solution and minimize sample loading effects on the plasma, while a mixed-gas
plasma provided robust plasma conditions for the accurate analysis of slurries.

2.2 Experimental
2.2.1 Instrumentation
Research was conducted on a Varian 820MS (Mulgrave, Victoria, Australia) quadrupole
based ICPMS instrument. A quadrupole mass analyzer was selected for this research to allow for
an easy transfer of developed methods to the quadrupole-based ELAN 9000 instruments at
Activation Laboratories. The sample introduction system consisted of a Burgener T2100 Teflon
nebulizer (Burgener Research Inc., Mississauga, ON, Canada) and a Scott double-pass spray
chamber (SCP Science, Baie d’Urfé, QC, Canada). A FI valve with a 100-μL loop was inserted
between the peristaltic pump and the nebulizer, as close as possible to the latter to minimize
dispersion, and a syringe attached to the FI valve was used to draw solution or slurry into the
loop. The peristaltic pump connected to the FI valve by tygon tubing delivered consistent flow of
DDW to the FI loop to sweep the loaded sample to the nebulizer (Figure 2.1). A mixed-gas
plasma was obtained by using mass flow controllers (Model MC, Alicant Scientific, Tucson, AZ,
USA) which allowed for control over nitrogen in the outer gas and hydrogen sheath gas flow
rates.

2.2.2 Reagents and certified reference material
Four multi-elemental stock solutions (covering 63 elements) of various concentrations
separated based on elemental stability were freshly prepared from commercially available single
elemental standard solutions (1000 or 10,000 mg L-1) according to Activation Laboratories
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guidelines. Working standard solutions (10 mL) were prepared by diluting the stock solution with
18 MΩ cm DDW (Pro UV/DI, Sartorius Stedim Biotech, Gottingen, Germany), sub-boiled HNO3

Figure 2.1: Photograph of the sample introduction system consisting of the peristaltic pump, flow
injection valve, nebulizer, spray chamber and the transfer tube to the plasma torch.

(with Triton-X surfactant only) (ACS grade; Fisher Scientific, Ottawa, ON, Canada) and the
appropriate surfactant. Solutions of surfactants were prepared in various concentrations (0.1-4%
m/m) by adding the appropriate mass into DDW in either 50 mL or 100 mL volumetric flask. In
the case of surfactant Triton-X, the solution was prepared as stated previously but in 2% HNO3
instead of pure DDW. The solution was transferred to a beaker with a stir bar and then placed on
a magnetic hot plate where the solution was left to stir on “Medium (4)” heat until the surfactant
dissolved and was visibly well dispersed into solution. The surfactant solution was then used to
prepare the working standard solutions for calibration, the blank and slurries.
The W-2a (Diabase) and SY-4 (Diorite Gneiss) in house fused CRMs were used to
validate the method and were obtained from Activation Laboratories (Ancaster, ON, Canada).
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CRMs were first crushed into pieces with a mortar and pestle, and then further crushed down to a
coarse particulate. Initial experiments used this coarse particulate to produce the slurries. Later
experiments used the ‘bottle and bead’ method with 1.0 mm diameter zirconia beads (BisoSpec,
Bartlesville, OK, USA) as proposed by Ebdon et al. to grind the coarse particulate into a fine
powder over a 15-20 h shaking period in a polypropylene bottle [7]. Depending on the
concentration (m/v) required, different weights of crushed fused CRM were added to the aqueous
solution. For an approximation of concentration used, later experiments used ~ 0.250 g of CRM
to 7.5 mL or 25.0 mL of solution. After ensuring that the slurry was homogenous by mixing, it
was decanted from the zirconia beads by pipetting the solution out into a clean pre-weighed
bottle. It was assumed that any loss of sample during the decanting process would be relative as
the solution was thought to be homogenous. Varied concentrations were explored to keep the
dissolved solid content at a minimum while ensuring sufficient ICPMS sensitivity.

2.2.3 Optimization
A previous multi-variate mixed gas optimization was performed by a Ph.D. candidate of
the Beauchemin lab to find conditions providing the best compromise in terms of robustness and
sensitivity on the Varian 820MS for a mixed-gas plasma. Indeed, conditions favoring plasma
robustness degrade the sensitivity of elements and vice versa. Optimization was performed using
a multi-elemental solution of Li, Be, Mg, Al, V, Cr, Co, Ni, Sr, Mo, Rh, Pd, Pt, Pb, Th and U.
The previously optimized RF power, H2 sheath gas, N2 outer gas, auxiliary gas and nebulizer gas
flow rates for a mixed-gas plasma on the same instrument found in Table 2.1 were also utilized
for this project to generate and sustain a robust plasma [10]. The monitored isotopes in this work
are also included in Table 2.1. The sample uptake rate (mL/min) was optimized separately for the
slurry sample and was found to lower the sensitivity when the uptake rate was at as high as 1.5
mL/min.
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2.2.4 Data analysis
All data were processed using Microsoft Excel 2017. Baseline correction was first
applied to the raw data to correct for any background. This calculation was performed by
averaging the analyte signal during the first few seconds prior to introduction of the sample and
subtracting this averaged value from all other data points. Blank subtraction followed baseline
correction and was conducted by subtracting the signal intensity of the matrix-matched blank
from the sample or standard. Peak area was then integrated by summing the signal intensity
across the FI peak.
Table 2.1: Optimized instrumental conditions and parameters for the Varian 820 ICPMS.

Instrumental Parameter

Selected Value

Ar outer (plasma) gas flow rate (L/min)

18.0

Ar auxiliary gas flow rate (L/min)

1.80

N2 outer (plasma) gas flow rate (L/min)

0.455

H2 sheath gas flow rate (L/min)

0.010

Ar nebulizer gas flow rate (L/min)

0.78

R.F power (kW)

1.60

Sample uptake rate (mL/min)

1.0

Scanning mode

Peak hopping

Dwell time (ms)

10

Monitored isotopes

9

B, 59Co, 63,65Cu, 64,66Zn, 69,71Ga, 72,74Ge, 85Rb,
88

Sr, 139La, 140Ce, 141Pr, 151,153Eu, 161,163Dy,
175

Lu

Detection limits in solution were calculated as 3 times the standard deviation of the blank
signal over the slope of the calibration curve. Limits of quantifications were calculated as 10
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times the standard deviation of the blank signal over the slope of the calibration curve. Later
experiments used point-by-point internal standardization to Ar2 at m/z 76 to help correct for
sample loading effect as well as to help mitigate matrix interferences. An F-test was performed
for the comparison of solution stability, to determine if the variance of the two populations were
equal. All calculated results were then compared to the certified values using a one sample t-test
at the 95% confidence interval. Values that are in agreement at the 95% confidence interval are
represented by a bold font.

2.3 Results and Discussion
2.3.1 Preliminary Results
Four preliminary experiments conducted at Activation Laboratories on an ELAN 9000
ICPMS instrument were used to test the surfactant’s effectiveness at producing homogenous
solutions. Aerosol OT (AOT), sodium dodecyl sulfate (SDS) and Triton-X were tested at a
surfactant concentration of 0.1% (m/m). SDS was additionally explored at a higher concentration
of 1% to test if a greater homogeneity of solution could be achieved in comparison to the 0.1%. It
was later determined that the critical micelle concentration of SDS in solution was not met even
at the 1.0 % (m/m). Approximately 0.1 g of crushed CRM by mortar and pestle (W2-A) was
added to 100 mL of surfactant dispersed in doubly deionized water (SD-DDW) without the
addition of HNO3. Due to the lack of HNO3 not being added to the working standards, fresh
matrix-matched standard solutions were prepared before each series of analyses to ensure
degradation of the standard did not occur. It should be noted that Activation Laboratories utilized
an ESI autosampler which drew solution to the FI valve by a pump system. It was determined that
from the four preliminary experiments that AOT had shown some promise regarding producing
the greatest number of elements matching to that of the certificate value (6/23). SDS was found to
be the least effective at producing a homogenous slurry even at a higher concentration of 1%
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where all measured elements fell outside the standard deviation of the certificate value. Although
Triton-X did not show as conclusive results as those of AOT (1/23), a paper by Renfrow et al.
suggested using 1% (v/v) of Triton-X to form a homogenous slurry [11]. Therefore, it was not
surprising that the 0.1% (m/m) of Triton-X that was explored did not produce favorable results,
leading to future experiments to test higher concentration ranges.
AOT at concentration of 0.1% was explored at Queen’s University on the Varian 820MS
instrument using a manual flow injection manifold to confirm if the results obtained at Activation
Laboratories were reproducible. As Ebdon et al. had discussed the importance of particle size on
ICPMS sensitivity [7], the CRM (W2-A) was ground by hand using a mortar and pestle and then
sieved through a 63-micron and 20-micron mesh screen. Insufficient amounts of particles passed
through the 20-micron screen mesh and therefore average particle size ranged between
approximately 20-63 micron. Approximately 0.1g of sieved CRM was added to 100 ml of 0.1%
AOT SD-DDW for FI-ICPMS analysis. As it can be seen from the representative element in
Figure 2.2, peak reproducibility was not consistent. Similar results were obtained for the other
analyte. Visible sedimentation of the particulate was also seen when the slurry was left to sit for
5-10 minutes, reinforcing the idea that a homogenous and stable slurry was not being produced.
The temporal profile for repeated injections acquired by the ELAN 9000 (Figure 2.3) also showed
inconsistent peaks, similar to those acquired with the Varian 820MS. The injection peaks
obtained with the ELAN 9000 instrument are noisy due to the significantly lower sensitivity of
this instrument compared to that achieved with the Varian 820MS instrument as seen in Figure
2.2, where more defined peaks can be observed with the latter. The agreement between the
certificate and measured concentrations for some of the measured elements on the ELAN 9000
may be explained by a higher particulate uptake into the loop by the autosampler, in comparison
to the manual syringe pump used at Queen’s University. In addition, the bottle containing the
slurry was shaken vigorously right before the injection occurred, promoting uniformity of
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solution. As no autosampler was used at Queen’s University, shaking the solution while trying to
manually draw the solution through the syringe was not possible without aid. It was therefore
considered that the results produced on the ELAN 9000 were not a result of a stable slurry.
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Figure 2.2: Temporal 90Zr+ profile obtained for four repeated 100-μL injections of W2-A CRM
glass slurry in 0.1% AOT (m/m) on the Varian 820 ICPMS.
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Figure 2.3: Temporal 90Zr+ profile obtained for three overlaid individual 100-μL injections of
W2-A CRM glass slurry in 0.1% AOT (m/m) on the ELAN 9000 ICPMS.
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Due to the lack of particulate stability with AOT, Triton-X was then explored at a higher
concentration as suggested by Renfrew et al. Approximately 0.1 g of sieved CRM was added to
100 mL of 1% Triton-X SD-DDW. As can be seen from Figure 2.4, Triton-X provided a greater
stability as more reproducible peaks (confirmed at the 95% confidence level) in terms of variance
and peak shape resulted, compared to those previously seen with 0.1% AOT. AOT was not
explored at a higher concentration for two main reasons: firstly, Triton-X showed more
reproducible results and no visible settling of particulate occurred; secondly, when 2% HNO3 acid
was added to help stabilize the standards, AOT precipitated out of solution. Ebdon et al. stated
that HNO3 at higher concentration can be a suitable surfactant for particular slurry applications
[7]. Thus, the addition of 2% HNO3 may aid particle stability, allow for longer standard longevity
and would most likely not result in particle digestion particularly at room temperature.
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Figure 2.4: Temporal 90Zr+ profile obtained for three repeated 100-μL injections of W2-A CRM
glass slurry in 1% Triton-X (m/m) on the Varian 820 ICPMS.
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2.3.2 Stability of Triton-X 1% vs. 4%
Given the reproducible results and improved stability obtained with 1% Triton-X (m/m),
a concentration of 4% was also tested to see if adding more surfactant further increased the
stability. A ‘bottle and bead’ grinding method was used to ensure that the smallest uniform
particle size could be achieved; as mentioned previously only particles between approximately 20
and 63-micron were achieved from grinding by hand. To better match the concentration of the
CRM discs to that of the Activation Laboratories standard solutions, ~0.25 g of sample (W2-A)
was added to 7.5 mL of 2% HNO3 in SD-DDW. Slurries in 1% (m/m) Triton-X solution and in
4% (m/m) Triton-X solution were prepared. Peak areas were compared for both sensitivity and
standard deviation. An example of comparison can be seen in Figure 2.5. First, a F-test was
calculated to conclude if the variance between the two populations were equal. A Student’s t-test
at the 95% confidence interval was then calculated for the summed peak area to determine if the
two data sets were significantly different or not. It was found that there was not a significant
difference in terms of sensitivity for the majority of analytes, however, a F-test at the 95%
confidence interval determined that there was a significant difference in terms of variance for the
majority of elements. Therefore, it can be concluded that a 4% (m/m) concentration of Triton-X
will not significantly improve sensitivity over the 1% (m/m) solution, however it will improve the
reproducibility of results.
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Figure 2.5: Temporal 140Ce+ profile obtained by ICPMS for repeated 100-μL injections of W2-A
CRM glass slurry prepared in each of 1% Triton-X and 4% Triton-X.

2.3.3 External Calibration
External calibration solutions were prepared from multi-elemental stock solutions
provided by Activation Laboratories in 2% HNO3. In an attempt to matrix match standard
solutions to the CRM slurries, powdered flux was added to the standard solutions, which were
then mixed. A separate series of standard solutions were also prepared without the added flux
matrix and analyzed on the same day for a comparison of the matrix effect. Because the CRM
W2-A was used in its entirety by then, subsequent experiments used a new CRM SY-4. As SY-4
certifies 36 elements, Table 2.2 with flux and Table 2.3 without flux present a few selected
elements concentration and their standard deviation. From the tables it is shown that with the
exception of 59Co, 66Zn and 65Cu in the flux added standard, that all elements fell outside of
standard deviation to that of the certified value. It is interesting to note that there is a pattern
between the measured to certified value, where the measured were roughly one third to one half

35

of the value the certified. This pattern can most likely be explained by some degree of matrix
effect, where the signal of the element is suppressed in sample, and not in the calibration.
Although the one set of standard solutions was matrix-matched by the addition of flux,
there were still issues in properly suspending the flux homogenously. It was visibly apparent that
sedimentation of the flux was occurring at the bottom of the bottle. This is most likely explained
by the size of the flux particulate, as the flux powder was quite coarse. This was also observed
when the tubing of the FI valve was plugged when drawing the solution into the loop, supporting
the idea that size of the flux particulate was too large to be properly suspended. In Figure 2.6,
very weak lithium peaks are observed in the standard when in fact it should be in high
concentration as seen in Figure 2.7 with the lithium peaks in the CRM. It should be noted that
there was an overall improvement in calculated to certified value when flux was added into the
standards in comparison to when it was not. As this research was being performed for industrial
purposes, ease of preparation and time commitment must be considered when developing a
method. Actively crushing the flux down to an appropriate size for all the standards is an
additional cost that would most likely not be seen as beneficial to the employer.
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Table 2.2: Concentration of selected elements in SY-4 glass suspended in 4% Triton-X
calculated by ICPMS external calibration with matrix-matched standard solutions (with added
flux) (n=5).

Measured Element

Measured
(µg/g)

Standard Deviation

Certified ±
confidence interval
(µg/g)

Co

2.95

± 0.33

2.8 ± 0.2

Zn

99.7

± 4.2

93 ± 2

Cu

8.60

± 0.66

7±1

Ga

22.7

± 1.5

35 ± 1

Rb

29.76

± 0.78

55 ± 1.5

Sr

826

± 26

1191 ± 12

La

30.2

± 1.2

58 ± 1

Ce

68.7

± 3.0

122 ± 2

Pr

7.40

± 0.45

15 ± 0.3

Eu

1.02

± 0.16

2.0 ± 0.04

Dy

9.40

± 0.33

18.2 ± 0.6

Lu

1.663

± 0.039

2.1 ± 0.1
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Table 2.3: Concentration of multiple elements in SY-4 glass suspended in 4% Triton-X
calculated by ICPMS external calibration with standard solutions prepared without added flux
(n=5).

Measured Element

Measured
(µg/g)

Standard Deviation

Certified ±
confidence interval
(µg/g)

Co

1.42

± 0.14

2.8 ± 0.2

Zn

64.7

± 2.9

93 ± 2

Cu

15.98

± 0.52

7±1

Ga

15.3

± 1.1

35 ± 1

Rb

19.93

± 0.39

55 ± 1.5

Sr

405.6

± 6.7

1191 ± 12

La

20.85

± 0.74

58 ± 1

Ce

41.2

± 1.4

122 ± 2

Pr

4.86

± 0.27

15 ± 0.3

Eu*

N/A

N/A

2.0 ± 0.04

Dy

6.24

± 0.38

18.2 ± 0.6

Lu

1.05

± 0.14

2.1 ± 0.1

*N/A indicates that the element could not be accurately measured as the aqueous standard
solution did not produce a linear calibration curve.
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Figure 2.6: Temporal 7Li+ profile obtained by ICPMS for repeated 100-μL injections of standard
solution containing added flux.
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Figure 2.7: Temporal 7Li+ profile obtained by ICPMS for repeated 100-μL injections of SY-4
CRM glass slurry.
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If matrix matching could be performed using standard solutions, this would be a more
time effective method than preparing homogenous solutions of the flux. As the flux is mainly
comprised of Li and B, lithium’s high concentration may play a role in signal suppression due to
space charge effects as often seen with high concentrations of sodium in solution. Space charge
effects are defined by the phenomenon in which ions in an ion beam repel each other due to
excess positive charge [12]. Stotesbury et al. were the first to suggest the effect of Li+ upon
analyte sensitivities and had mentioned that the buildup of a species may affect the sampling of
ions from the plasma and ion focusing in ICPMS [13]. Boron was not investigated as the standard
solution was not in stock at the time of the experiment.
Two sets of calibration standards were prepared in 4% Triton-X (m/m), one set with 400
ppm of added lithium to better matrix match the standard, and the other without added lithium.
By matrix matching the standard solution with aqueous lithium, any observed matrix effects by
lithium would be mitigated as elements in both the standard solution and sample would be
affected in the same manner. Table 2.4 presents the measured concentration of selected elements
with their associated standard deviation obtained by external calibration with standard solutions
containing or not containing added lithium respectively.
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Table 2.4: Concentration of selected elements in SY-4 glass slurry prepared in 4% Triton-X
calculated by ICPMS external calibration with standard solutions containing or not added lithium
(n=4).

Measured
Element

Measured
with Li
(µg/g)

Standard
Deviation

Measured
no Li
(µg/g)

Standard
Deviation

± 0.11

Certified ±
confidence
interval
(µg/g)
2.8 ± 0.2

Co

0.63

1.79

± 0.11

Zn

37.9

± 2.4

93 ± 2

74.1

± 2.6

Rb

21.85

± 0.98

55 ± 1.5

26.4

± 1.1

Sr

444

± 22

1191 ± 12

585

± 27

La

20.49

± 0.83

58 ± 1

29.0

± 1.1

It is evident that the addition of the lithium failed to help correct for the matrix effect,
where a better match between the calculated to the certified value was found when no lithium was
added to the standards. Therefore, it is suspected that lithium found in the matrix may not be
responsible for the overall signal suppression as seen in Table 2.4. In order to further explore
these results, an internal standard was also used to see if plasma fluctuations caused by the
sample matrix could be corrected for. As the SY-4 contains 36 elements, selecting an internal
standard that was not present in the sample or standard was difficult. However, as argon is
always present in the system, an argon dimer can act as an internal standard for the multielemental solution. It was found that when performing a point-by-point internal standardization
with the Ar dimer at m/z 76, the concentration of elements calculated using the standard solutions
without added Li (Table 2.4) were very similar to those in Table 2.5. However, interestingly the
calculated concentration of the elements using the standard solutions with added Li (Table 2.5)
improved over those in Table 2.4 where no internal standardization was performed. The overlaid
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76

Ar2+ and 139La+ temporal profiles from the standard solution with added lithium can be seen in

Figure 2.8, while the temporal profile of 139La+ after correction by point-by-point internal
standardization of 76Ar2 is outlined in Figure 2.9.
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Figure 2.8: Temporal 76Ar2+ and 139La+ profile obtained by ICPMS for repeated 100-μL injections
of standard solution with added lithium.
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Figure 2.9: Temporal 139La+ profile corrected by 76Ar2+ obtained by ICPMS for repeated 100-μL
injections of standard solution with added lithium.
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Table 2.5: Concentration of selected elements in SY-4 glass slurry prepared in 4% Triton-X
calculated by ICPMS external calibration with added lithium to standard solutions and point-bypoint internal standardization to an Ar dimer (n=4).

Measured Element

Measured
(µg/g)

Standard Deviation

Certified ±
confidence interval
(µg/g)

Co

1.88

± 0.23

2.8 ± 0.2

Zn

77.7

± 3.0

93 ± 2

Rb

30.72

± 0.90

55 ± 1.5

Sr

610

± 10

1191 ± 12

La

31.03

± 0.74

58 ± 1

2.3.4 Standard Addition
As there was evidence that matrix effects were contributing to elemental signal
suppression, the method of standard addition was explored to see if the matrix effects could be
corrected for. In this calibration method, the analyzed sample is spiked directly with increasing
concentrations of the standard to produce a linear signal response in which the initial
concentration can then be extrapolated from.
In the initial experiment, the SY-4 CRM was utilized to produce the slurry by following
the sample preparation technique and matrix concentrations as discussed previously. The solution
was then split into 4 equal volumes and was spiked with a 7 multi-elemental stock standard
solution that was prepared from single elemental stocks, in increasing volumes of 5 µL, 10 µL
and 15 µL. Upon calculation of the experimental concentrations, it was seen that the
concentrations were approximately half of the certified values. It was noted that during the
experiment the pump rate of the peristaltic pump was quite high, causing the tubing to disconnect
from the back pressure during some injections. It was theorized that the high flow rate may have
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promoted agglomeration of the particulate matter in the nebulizer, as a higher amount of solid
was passed through the nebulizer per second. This would result in less sample reaching the
plasma, and thus a lower signal was observed for the elements. Although less likely, it was also
theorized that the slurry concentration may have affected the results, as it is known that matrix
effects are more important in higher concentration solution. To test these theories, the pump rate
was reduced to 1 mL/min, and the slurry was diluted 4-fold. The results from this experiment can
be seen in Table 2.6.

Table 2.6: Concentration of selected elements in ~0.8% (m/v) SY-4 glass slurry prepared in 4%
Triton-X, obtained by ICPMS with the method of standard addition (n=3) at 1 mL/min peristaltic
pump rate.

Measured Element

Measured
(µg/g)

Standard Deviation

Certified ± confidence
interval
(µg/g)

Co

2.45

± 0.16

2.8 ± 0.2

Zn

163.0

± 3.1

93 ± 2.0

Rb

53.3

± 1.5

55 ± 1.5

Sr

1292

± 28

1191 ± 12

La

61.9

± 2.6

58 ± 1.0

Eu

1.638

± 0.076

2.0 ± 0.04
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Results obtained using the method of standard addition seemed to have helped correct for
the matrix effects that were observed with external calibrations. Both 64Zn and 66Zn had measured
concentrations over the reported lab value, however this may be explained by polyatomic
interferences. For example, the 64Zn isotope can be interfered from 48Ti16O+ and 66Zn from either
32 34 +

S S or 50Ti16O+, where S and Ti are found in high abundance in the matrix of the rock. Further

investigation was conducted to see if the discrepancies as discussed in the initial standard addition
experiment was corrected by either the dilution or the lower pump rate as seen in Table 2.6.
Therefore, the same concentration slurry as the initial experiment was prepared and was analyzed
using the lower pump rate. The results from this experiment can be seen in Table 2.7. It should be
noted that because the solution was not diluted to an appropriate level for Sr, 88Sr saturated the
detector. Therefore, the concentration could not be calculated.

Table 2.7: Concentration of selected elements in ~3.3% (m/v) SY-4 glass slurry prepared in 4%
Triton-X, obtained by ICPMS with the method of standard addition (n=3) at 1 mL/min peristaltic
pump rate.

Measured Element

Measured
(µg/g)

Standard Deviation

Certified ±
confidence interval
(µg/g)

Co

2.20

± 0.2

2.8 ± 0.2

Zn

113.4

± 2.3

93 ± 2.0

Rb

41.7

± 1.4

55 ± 1.5

La

43.4

± 1.4

58 ± 1.0

Eu

1.20

± 0.05

2.0 ± 0.04
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It is evident that the measured concentrations for the lesser-diluted solution were less in
agreement with the certified values than those with the dilute solution. It can be theorized that the
lack of agreement of values is most likely due to a sample introduction problem, where more
agglomeration and loss through the spray chamber can take place as the slurry concentration and
pump rate increases. However, it should not be ruled out that potential fluctuation in instrument
sensitivity and plasma conditions may have also contributed, as the solutions were not run on the
same day. Therefore, one final standard addition solution was prepared and similarly diluted
utilizing 4 different elements and analyzed to see if similar results could be obtained as in Table
2.6. It was determined that the 74Ge isotope measured value was lower than the expected
information value range. This may be due to the actual concentration of the un-spiked solution
being under the limit of quantification; if it is assumed that the actual concentration of 74Ge is
closer to 1 µg/g. This theory is also supported by the value of the summed peak area of the unspiked solution which did not produce a linear response with the other three spiked solutions.
The results can be seen in Table 2.8.

Table 2.8: Concentration of selected elements in ~1.3% (m/v) SY-4 glass slurry prepared in 4%
Triton-X, obtained by ICPMS with the method of standard addition (n=3) at 1 mL/min peristaltic
pump rate.

Measured Element

Measured
(µg/g)

Standard Deviation

Certified ±
confidence interval
(µg/g)

Be

2.31

± 0.28

2.6 ± 0.1

Ga

33.9

± 2.9

35 ± 1.0

Ge*

0.286

± 0.081

(1-4)

Ce

102.4

± 2.0

122 ± 2

*Informational Range Value Only
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2.3.5 External calibration with simple dilution and internal standardization
As it was theorized that the lack of agreement of values was most likely due to a sample
introduction problem, external calibration solutions were retested to confirm this hypothesis by
simple dilutions of the slurry in combination with an internal standard. External calibrations
would serve as a more optimized and cost-effective analysis for an industrial scale operation in
comparison to the method of standard addition. The 76Ar2 was used as an internal standard to
help correct for any matrix effects if present within solution. Multi-elemental stock solutions were
diluted accordingly for external calibrations, and two slurries were prepared at 0.4% (m/v) and
0.8% (m/v) respectively. The results from this experiment can be seen in Table 2.9.
It was determined from this experiment that the discrepancy observed in previous
external calibration experiments (Tables 2.2-2.4) was in fact predominately a sample introduction
problem, where matrix effects may or may not be contributing to analytical suppression. The
extent of matrix effects could be assessed by removing the internal standard and then comparing
the results to the values obtained in Table 2.9. In any case, the majority of measured values for
the solution at the 0.8% concentration was in agreement with the certified value at the 95%
confidence level in comparison to the 0.4%. Although as mentioned previously that dilution
should lead to a higher transport efficiency and thus better agreement of values, slurry solutions
do have a limited working concentration range. It is possible that CRM inhomogeneity in
addition to a smaller representative sample at the 0.4% concentration led to values less in
agreement at the 95% confidence level. To test this theory, additional solutions must be analyzed
at lower slurry concentrations and higher slurry concentrations to determine the exact working
concentration range for this particular sample. In addition, it is interesting to note that the higher
atomic mass elements were in better agreement in comparison to the elements of lower atomic
mass. This may be explained by space charge effects, where lighter elements are suppressed
more over than heavier elements. To verify if space charge effects are present, additional internal
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standards, including one of lower mass and one of higher mass than 76Ar2 would allow for better
correction of the lower mass elements, while also correcting for the higher mass elements as well.

Table 2.9: Concentration of selected elements in two SY-4 glass slurries prepared in 4% TritonX at two dilutions, obtained by ICPMS using external calibration and internal standardization
with 76Ar2 (n=4).
Measured Element

Slurry: ~0.4% m/v
n=4
(µg/g) ± std.

Certified ±
confidence interval
(µg/g)

Slurry: ~0.8% m/v
n=4
(µg/g) ± std.

Be

3.26 ± 0.43

2.6 ± 0.1

3.46 ± 0.11

Co

3.22 ± 0.74

2.8 ± 0.2

3.28 ± 0.14

Ga

30.0 ± 4.0

35 ± 1

31.5 ± 2.1

Ge

0.71 ± 0.47

(1-4)

2.25 ± 0.20

Rb

41.83 ± 0.98

55 ± 1.5

48.5 ± 2.7

Sr

1026 ± 35

1191 ± 12

1137 ± 52

La

50.1 ± 1.5

58 ± 1

57.9 ± 3.4

Ce

114.4 ± 3.5

122 ± 2

124.7 ± 7.0

Pr

13.16 ± 0.56

15.0 ± 2

15.0 ± 1.0

Sm

12.4 ± 1.3

12.7 ± 0.4

13.68 ± 0.90

Eu

2.12 ± 0.14

2.00 ± 0.04

1.84 ± 0.14

Gd

13.36 ± 0.97

14.0 ± 0.5

14.77 ± 0.80

Tb

2.60 ± 0.30

2.6 ± 0.1

2.64 ± 0.22

Dy

19.03 ± 0.54

18.2 ± 0.6

19.6 ± 1.0

Ho

4.05 ± 0.13

4.3 ± 0.1

4.40 ± 0.27

Er

15.2 ± 1.3

14.2 ± 0.5

15.04 ± 0.86

Lu

3.07 ± 0.19

2.1 ± 0.1

2.67 ± 0.20
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2.4 Conclusions and Future Work
Grinding samples by the “bottle and bead” method seems to have produced small
particles of fairly uniform size. This uniformity can be inferred from the reproducible replicate
injections of the solution suspended in 4% (m/m) Triton-X, 2% HNO3 solution.
External calibrations for slurry analysis did not prove to be beneficial as the agreement
between the analyte concentrations did not match that of the certified values, except in the case of
Co, Zn and Cu when flux was added to the standards. To try and mitigate the matrix effects and
produce a more simplistic sample preparation method, matrix matching of the flux was performed
with aqueous lithium standards. The addition of lithium in the standards had evidently caused the
values to fall less in agreement due to potential signal suppression by lithium itself. It is possible
that the suppression of signal was partially contributed by the boron in the matrix, however boron
was not in stock at the time of analysis to test this hypothesis. The use of an internal standard was
also explored and proved to only mitigate the suppression when aqueous lithium was added into
the standard; yielding very similar results to when no lithium was added. It did not however
improve the agreement overall between the measured and certified values for those elements
explored. This indicates that the discrepancy between the measured and certified values is in fact
not predominately a space charge effect as previously hypothesized, but that the problem is
occurring in the sample introduction system where the solution and solid particles behave
differently, especially as the slurry concentration increases.
As external calibrations did not provide accurate results, the method of standard addition
was explored to confirm that the lack of agreement was due to a sample introduction problem and
not predominately matrix effects. These experiments showed that the sample uptake rate and
slurry concentration are important on the recovery and sensitivity of the elements in the slurry.
Preparing a more diluted slurry and analyzing it a lower pump rate allowed for the majority of
analyzed elements to fall with standard deviation of the certificate value. A secondary lesser49

dilute slurry was also analyzed to compare if dilution had an effect on analyte recovery. These
results fell slightly outside the standard deviation of the certificate values; however, it cannot be
concluded that this deviation was entirely caused from the higher dissolved solid concentration.
One final standard addition analysis was performed utilizing a similar dilution factor, however
different elements were spiked in these solutions. It was determined that the results for 2 out of
the 3 elements fell within standard deviation of the certificate. However, standard additions of a
larger number of analytes would be required to further conclude if this method can be used to
accurately analyze multi-elemental slurries.
External calibrations for slurry analysis was retested as it was theorized that the lack of
agreement of values was most likely due to a sample introduction problem over that of a matrix
effect problem. By performing simple dilutions of the slurries and using an internal standard,
values were in closer agreement to the certified values then as previously measured. This
confirms the theory that the sample introduction was the predominant limiting factor in the lack
of observed agreement at higher slurry concentrations.
In future work, analyzing the particulate size of the ground slurry after the “bottle and
bead method” by methods of dynamic light scattering, would allow for an average particle size to
be determined within solution. This would help support the idea that the particulate suspended in
solution is < 20 µm and that effective nebulization and atomization/ionization is occurring, such
that the greatest sensitivity is obtained. In addition, further exploration of external calibration is
required to determine the working concentration range of the slurry, as well as exploring the use
of additional internal standards to compensate for potential space charge effects, particularly on
lower atomic mass elements.
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Chapter 3: Solid Sampling Electrothermal Vaporization coupled to
Mixed-Gas Inductively Coupled Plasma Optical Emission Spectrometry
for Precious Metal Analysis of Fire Assay Beads

3.1 Introduction
The fire assay process is an industrial gold standard in the refinement and separation of
platinum group elements and gold from raw ore [1]. A traditional lead fire assay preparation
method involves mixing milled powdered sample with soda ash, borax, litharge (PbO) and flour
as a source of carbon for reduction. Silver may also be added as a collector directly in the
solution or as a foil [2]. This mixture is then fired at a temperate ranging from 1000-1200°C to
form the melt, where the lead and silver settle to the bottom of the crucible and collect the Au, Pd,
Pt for cupellation once cooled. The lead button is then placed in a magnesia cupel and is cupelled
at 900-950°C. As the button melts, lead is oxidized and the PbO is absorbed into the sides of the
cupel. Once all the lead has been absorbed, only a small bead remains containing the precious
metals [2, 3]. Dissolution of the silver button is then carried out with nitric acid (gold parting) as
long as the alloy contains less than 25% Au, as HNO3 is not able to fully dissolve Ag and other
impurities from an alloy with high gold content [4]. Once the silver has been fully dissolved, the
remaining gold solid can be removed and measured gravimetrically, or the solid Au (and Pt group
elements) can be dissolved with the addition of hydrochloric acid to form aqua regia. If silver
analysis is also required, any precipitation of insoluble AgCl can be mitigated by the addition of
ammonia to re-dissolve the Ag back into solution [2]. Appropriate dilution of the solution is done
prior to analysis by ICP spectrometry. It has been reported that dissolution of the silver bead in 3
M HNO3 can take upwards of approximately 30 minutes for complete dissolution [3].
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ICPMS is widely used for the analysis of the dissolved fire assay beads [2, 3, 5]. ETVICPMS has also been used for analysis of the dissolved beads, where the solution is pipetted into
graphite boats prior to pyrolysis and vaporization of the sample into ICPMS [6]. Yet, the fire
assay beads could potentially be analyzed directly by solid sampling electrothermal vaporization
(SS-ETV), thereby completely eliminating the dissolution step and concurrent dilution, which
unavoidably degrades detection limits.
SS-ETV is advantageous over traditional liquid nebulization as it allows for larger sample
masses to be introduced into the plasma, ultimately improving sensitivities, limits of detection
and minimizing sample homogeneity concerns. In addition, the analysis time and risk of
contamination and analyte loss are reduced as the use of hazardous acids for digestion is avoided
[7]. Research from Kaveh et al. on SS-ETV-ICPOES outlined a method that would allow for a
larger amount of solid to be introduced into the plasma via simultaneous introduction of
nebulized water [8]. The introduced nebulized water acts as a load buffer that minimizes matrix
effects and supplies hydrogen to the plasma to facilitate the energy transfer from the bulk of the
plasma to the inner channel due to hydrogen’s high thermal conductivity. Nebulized bulky water
droplets however may cool the plasma due to the energy needed to desolvate the aerosol;
therefore, a lower number of excited atoms and ions would result. One way to mitigate this
problem is by applying infrared energy (IR) to the nebulization system and to the base of the
torch to pre-evaporate the aerosol droplets, resulting in improved sensitivity and detection limits
for multi-elemental analysis [8].
Al Hejami et al. outlined a more simplistic method for producing robust plasma
conditions in SS-ETV-ICPOES by the addition of a N2 sheath around the sample aerosol as a
mixed-gas plasma [9]. It was reported that small additions of either H2, N2 or water vapor as a
sheath improved the analytical performance of SS-ETV-ICPOES but that N2 yielded the greatest
improvement in sensitivity and detection limit (by 1.2-13-fold) [9].
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The objective of this chapter was to develop an optimized method for SS-ETV-ICPOES
for the direct analysis of fire assay beads, to avoid the use of acids that not only require lengthy
dissolution times but also could potentially lead to incomplete sample digestion and stability
problems. External calibration by aqueous standard solutions would prove to be a simplistic
calibration method in order to avoid costly solid CRMs that contain the precious earth metals. A
mixed-gas plasma was used to improve the plasma robustness and to allow for greater sensitivity
to be achieved while mitigating sample loading on the plasma due to the larger sample mass
introduction.

3.2 Experimental
3.2.1 Instrumentation
Research was conducted on a lateral-view ARCOS ICPOES instrument with Smart
Analyzer Vision analysis software (SPECTRO Analytical Instruments, Kleve, Germany). An
Electrothermal Vaporization 4000 unit (Spectral Systems, Germany) was connected by a 0.75-m
long ¼ in. Teflon tube to the base of the torch. Initial experiments used a double-pass spray
chamber (SCP Science, Quebec, Canada) with a Burgener T2100 nebulizer (Burgener Research
Inc., Mississauga, Canada) to simultaneously introduce DDW aerosol to the plasma to increase
plasma robustness [8]. Two 6-cm wide and 24.5-cm long ceramic IR block heaters (Process
Heaters Inc., Toronto, ON, Canada) were used to heat the spray chamber and the base of the
torch. Later experiments simply utilized an integrated sheathing device (SPECTRO Analytical
Instruments) that connected the base of the torch and the Teflon tube to allow for the tangential
addition of N2 sheath gas into the plasma (Figure 3.1). The flow of N2 gas was controlled by a
mass flow controller (Model MC, Alicant Scientific, Tucson, AZ, USA). A brass ¼ in. 3-way
ball valve (Swagelock, United States) was connected to the exit of the ETV furnace and was
further connected to a generic plastic ¼ in. ball valve that led to the base of the torch. The two
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valves’ primary function was to control the direction of gas flow toward the plasma or to the
atmosphere during the drying of the aqueous standards in the ETV furnace.

Figure 3.1: Photograph of the system for the introduction of N2 gas through a side arm integrated
sheathing device.

3.2.2 Reagents and certified reference material
Samples and standards were prepared with 18 MΩ cm double deionized water (DDW)
(Pro UV/DI, Sartorius Stedim Biotech, Gottingen, Germany) and sub-boiled HNO3 (ACS grade;
Fisher Scientific, Ottawa, ON, Canada) that was purified prior to use with a DST-1000 Teflon
sub-boiling distillation system (Savillex, Minnetonka, USA). 1000 mg L-1 stock solutions of Au,
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Pt and Pd were used for aqueous calibration of the silver button. Multi-elemental solutions were
prepared from 1000 and 10,000 mg L-1 stock solutions (SCP Science, Baie d’Urfé, QC, Canada)
in 2% HNO3 for calibration with CRMs Montana Soil 2711 (NIST) and Urban Particulate Matter
1684a (NIST) to confirm the accuracy of the aqueous calibration. Fire assay buttons were
prepared and obtained from Activation Laboratories (CRMs CDN-PGMS-27, 28 and 29).

3.2.3 Optimization
A previous multi-variate optimization was performed on the ETV-ICPOES instrument for
external calibration with aqueous standard solutions [10]. Re-optimization of the ETV conditions
were performed once the sheath gas and 3-way valve were used in the later experiments to obtain
the best multi-elemental sensitivity. ICPOES instrumental parameters were not re-optimized as
similar optimized values were reported in the literature [8]. Optimized parameters are
summarized in Table 3.1.

3.2.4 Data analysis
All data were processed using Microsoft Excel 2017. Point-by-point internal
standardization with the Ar 763.511 nm emission signal was used to help correct for sample
loading effects on the plasma. Blank subtraction was then conducted by subtracting the integrated
(summed signal intensity) from an empty boat blank from the peak area of the sample or
standard. All calculated results were then compared to the certified values using a Student’s t-test
at the 95% confidence interval. Values that are in agreement at the 95% confidence interval are
represented by a bold font.
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Table 3.1: Optimized instrumental conditions and parameters for SS-ETV-ICPOES with both
modified sample introduction systems.
Aerosol set-up

Sheathing device with 3-way
valve set-up

Plasma power (W)

1400

1400

Plasma Ar gas flow
rate
(L/min)
Auxiliary Ar gas flow
rate (L/min)

13.00

13.00

2.00

2.00

Nebulizer Ar gas flow
rate (L/min)

0.40

-

Sample uptake
(mL/min)

1.5

-

Sampling rate (Hz)

10

10

Integration time (ms)

10

10

Bypass Ar gas flow
rate (L/min)

0.400

0.500

Carrier Ar gas flow
rate (L/min)

0.300

0.150

CF4 gas flow rate
(mL/min)

5.0

6.0

Instrument
ICP parameters

ETV Parameters

Temperature program

Temperature (°C)

Hold

Temperature (°C)

time (s)

Hold
time (s)

Pyrolysis

300

20

400

20

Cool down

20

15

20

15

Vaporization

2200

40

2300

40

Cool down

20

20

20

20
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3.3 Results and Discussion
3.3.1 Preliminary Results
The mass of the silver CRM (~ 14 mg) button provided by Activation Laboratories,
exceeded that which can be vaporized and transported into the plasma without overloading and
extinguishing it. Initially, grinding the buttons was attempted to circumvent this, however the
hardness of the button itself prevented this from occurring. Therefore, a modified set-up to Kaveh
et al. water aerosol nebulization system was implemented [8, 9]. This set-up can be seen in Figure
3.2.
It was suspected that without the water pre-evaporation set-up, vaporizing the silver
button would completely extinguish the plasma. Therefore, one button was analyzed using the
pre-evaporation set-up and one button without. As two different samples were used, peak
intensities could not be compared for sensitivity, however peak shape was as it is quite indicative
of how well atomization and ionization occur in the plasma. The Pt (177.708 nm) peak can be
seen in Figure 3.3 for the nebulization pre-evaporation set-up and Figure 3.4 for the traditional
set-up where the plasma did not extinguish with the higher mass of the button, contrary to what
was expected.
From the observed Pt peak shapes, the nebulization/pre-evaporation system produced a
much sharper peak than that with the traditional SS-ETV-ICPOES set-up. Similar differences in
peak shapes were also observed for Au and Pd peaks. From these results it was concluded that the
nebulization pre-evaporation system allowed for a higher energy transfer into the inner plasma
channel to effectively atomize and ionize the elements present in the button, which is illustrated
by the tighter peak shape in Figure 3.3.
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Figure 3.2: System for the simultaneous introduction of water vapor, using water nebulization
with ceramic IR block heaters to evaporate the aerosol before it reaches the plasma.

3.3.2 Calibration
CRMs that encompass the required elements of Au, Pt and Pd and within their desired
concentration range would not only be hard to find, but also would be vastly expensive. Aqueous
standard solutions are more abundant and cheaper to purchase in comparison to solid CRMs and
would make for a simplistic calibration procedure for the silver button analysis. Sadiq et al.
proposed a method to introduce liquid solutions into the ETV by firstly drying the standard
completely using an IR heater block at 100°C [10]. This method was not only very time
consuming as drying ~10 µL of solution would take upwards of 45 min but also could lead to
60

350000
300000

Intensity c/s

250000
200000
150000
100000
50000
0
0

20

40

60

80

100

120

Time (s)

Figure 3.3: Temporal profile for Pt (177.708 nm) during the SS-ETV-ICPOES analysis of CDNPGMS-27 button with simultaneous introduction of water vapor.
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Figure 3.4: Temporal profile for Pt (177.708 nm) from Sample-Pk2 button vaporized with the
traditional SS-ETV-ICPOES set-up.
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potential contaminations as the drying process was done on a flat top bench in atmospheric
conditions. Therefore, a new method of drying liquid standard solutions in graphite boats using
the heating capabilities of the ETV itself was explored to improve on this previous method of
liquid introduction.
A multi-step ETV temperature program was developed so that the liquid standard was
slowly heated to avoid loss of analyte while removing the water vapor. Originally a ~5-min
drying time was used to dry the standard solution to completeness; however, this time was much
too long. After optimization, the drying time was reduced to 1.5 min as can be seen in Table 3.2.
This drying procedure was tested with up to 30 µL of pipetted solution into the graphite boat and
was found to completely dry all measured solutions. It was found however that with pipetted
volumes of solution over 20 µL visible condensation was occurring near the entrance of the inner
transfer tube. This observation was taken into consideration when designing a method to prevent
the build-up of water vapor condensation along the transfer tube and furnace that could lead to
potential loss of analyte from the sample or standard when larger volumes are introduced.
In order to remove the water vapor from the system prior to vaporization, a 3-way brass
valve was placed at the exit of the furnace, which allowed the water vapor to be vented to the
atmosphere when the drying cycle was occurring. Once the solution was dry, the valve could then
be directed back toward the plasma so that vaporization of the dried sample could than occur and
be transferred into the plasma. A secondary valve was added after the 3-way valve to act as a gas
buffer to prevent shut-off of the plasma when the gas flow was quickly directed back toward the
plasma. A visual representation of this set-up can be seen in Figure 3.5.
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Table 3.2: Optimized ETV temperature program to dry the pipetted aqueous samples ≤ 30 µL to
complete dryness.
Temperature (°C)

Time (s)

90

30

100

30

120

30

To verify the accuracy of this new adapted drying method with N2 sheathing, aqueous
standard solutions were used for external calibration during the direct analysis of two different
CRMs (Urban Particulate Matter 1648a and Montana Soil 2711). After the aqueous calibrations
were established using the set-up in Figure 3.5, the valves were removed prior to the CRMs
analyses to prevent plugging due to the high flow rate of pyrolyzed carbon matrix into the ‘Tshaped’ valve. The results of this experiment are summarized in Table 3.3. As the matrix of the
1648a CRM was less ‘carbon heavy’ than that of the 2711 CRM, the measured concentrations for
7/9 elements fell within the confidence interval of the certified values or were not significantly
different at the 95% confidence level. Although Ni and V both fell outside of their certificate
values, multiple emission lines for each element were observed and had shown a similar result.
Therefore, the lack of agreement is most likely explained due to an issue with transport efficiency
from the ETV to the plasma, and not due to a spectral interference. This experiment demonstrates
that accurate results can be obtained by external calibration with solutions in the ETV. To
confirm the plasma robustness, Mg emission lines were monitored, and the Mg II/Mg I ratio was
8.3 ± 0.082.
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Figure 3.5: Photograph of the aqueous liquid standard drying set-up with the 3-way brass valve
to evacuate the solvent and a secondary valve to prevent plasma shut off.

3.3.3 Application to the analysis of silver button
As stated previously, the silver buttons could not be crushed or cut due to their hardness.
However, it was found that if the button was squished relatively flat using a mortar and pestle,
and a clean stainless-steel surgical blade was used to cut along the thinned bead, small chunks
could be broken off with relative ease. Elemental impurities within stainless steel include Cr, Ni,
Mo and V, none of which are being determined and could lead to positive bias [11]. In addition,
as gold aqueous standard solution was not in stock at the time of the experiment, only Pt and Pd
calibration curves could be established. Due to the high concentration of Pt and Pd inside the
silver beads, the 1000 mg L-1 stock solutions were not diluted but were pipetted in increasing
volumes into the graphite boat. CRM CDN-PGMS-28 was used as a sample to verify the
accuracy of the method. An example of the degree of linearity of the calibration curve achieved
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with the new drying method can be seen in Figures 3.6 and 3.7. The results are summarized in
Table 3.4.
Table 3.3: Concentrations (g/g) obtained for two CRMs 1648a and 2711 by ETV-ICPOES
using external calibration with aqueous standard solutions (n=3 unless otherwise indicated).
1648a

2711

Element
(wavelength
in nm)

Certified ±
confidence
interval
µg/g

Measured ±
standard
deviation

Element
(wavelength
in nm)

Certified ±
confidence
interval
µg/g

Measured ±
standard
deviation

Sb (231.147)

45.4 ± 1.4

58 ± 12

Sb (231.147)

19.4 ± 1.8

143 ± 21

As (189.042)

117 ± 3.9

119 ± 26

As (189.042)

105 ± 8.0

466 ± 56

Cd (214.438)

73.7 ± 2.3

77.1 ± 4.1

Cd (228.802)

41.7 ± 0.25

58 ± 13
n=4

Cu (224.700)

610 ± 70

548 ± 130

Cu (224.700)

114 ± 2.0

n=4
Ni (231.604)

81.1 ± 6.8

173 ± 10
n=4

43.0 ± 5.8

Ni (231.604)

20.6 ± 1.1

23.51 ± 0.66
n=4

V (292.402)

127 ± 11

53 ± 14

V (292.402)

81.6 ± 2.9

66 ± 11

Cr (205.618)

402 ± 13

430 ± 99

Cr (267.716)

(47)

61 ± 10

n=4
Ce (418.660)

54.6 ± 2.2

49 ± 13

Ce (418.660)

(69)

313 ± 48

Co (237.862)

17.9 ± 0.68

24.8 ± 6.7

Co (228.616)

(10)

17.0 ± 2.5

Zr (257.139)

-

-

Zr (257.139)

(230)

244 ± 68
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Figure 3.6: Calibration curve of Pd 344.140 nm obtained with standard solutions by ETVICPOES.
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Figure 3.7: Calibration curve of Pt 212.861 nm obtained with standard solutions by ETVICPOES.
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Table 3.4: Concentrations (g/g) measured in a CDN-PGMS-28 silver button by ETV-ICPOES
external calibration with aqueous standard solutions (n=2).
Element (wavelength in nm)

Measured (g/g) ± standard
deviation

Certified (ug/g) ± standard
deviation

Pd (344.140)

610 ± 150

3229 ± 155

Pt (212.861)

580 ± 140

3728 ± 169

The disagreement between the measured and certified values is most likely due to a
transport efficiency effect rather than matrix effects. As the silver button consists of pure metal
and contains no organic material, a lack of agreement due to plasma overloading from the matrix
is not highly likely. One major observation that supports the hypothesis that the transport
efficiency is different for the aqueous standards and the CRM button is the visible ‘black powder’
that deposits in the transport tube upon vaporization of the CRM (Figure 3.8). As additional
samples were consecutively analyzed, the amount of powder continually increased, which could
lead to vaporized sample becoming trapped along the inner tube or within the furnace. Indeed, as
an increasing mass of the CRM button was analyzed, non-linear signals were observed. No leftover residue was found in the graphite boat after vaporization either, therefore this nonproportionate signal cannot be attributed to incomplete vaporization. As mentioned above,
because there is no carbon matrix, this powder is just simply not the carbon blow off during the
pyrolysis step. During the optimization of the sample introduction gas flow rates, a higher bypass gas flow rate was also explored, to help prevent the sticking of the analyte and powder to the
wall of the transfer tube.
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Figure 3.8: Photograph of Ag2S powder deposition inside the transfer tube.

The large concentration of elemental Ag inside of the button is most likely responsible for the
black powder formation as a result of the reaction of Ag with trace sulfides in the air to produce
Ag2S (tarnish). This chemical reaction may occur by the following:

(2) 2 Ag (s) + H2S (g) → Ag2S (s) + H2 (g)

It was initially believed that the black powder was caused from the reaction of Ag and free O2
in the air to form Ag2O. However, Saleh et al. have reported that the formation of Ag2S is
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predominantly tarnishing silver products, whereas Ag2O is only observed occasionally and only
formed over long periods of time [12]. It is strange when considering that even in sulfur-rich
environments, O2 concentrations are 109 times larger than sulfur concentrations, yet Ag2S
predominately is responsible for the silver tarnishing. In addition, the enthalpy of formation are
almost identical for Ag-O and Ag-S, and they are both thermodynamically expected to form at
normal pressure and temperature. The researchers had concluded that S8 (allotrope of sulfur)
rapidly dissociate into individual atoms and reacts with silver, whereas O2 due to its high kinetic
barrier dissociates much more slowly. Therefore, it is no surprise that the sulfides are responsible
for the fast tarnishing of silver products over that of oxygen.

3.3.4 Limiting Ag2S formation by the addition of hydrogen gas
It was first hypothesized that if hydrogen gas could be introduced into the closed ETV
furnace for a set amount of time before pyrolysis occurs, H2 could bind to the free elemental O2 in
the air and prevent Ag2O. However, as it was later discovered that the powder was not a result of
silver oxide but silver sulfide; hydrogen was still explored to see if it could help mitigate the
effects of the tarnish. Originally, the hydrogen gas line was connected to a mass flow controller
and then further teed into the back of the ETV unit where the reaction gas is also introduced.
This was found to exert significant backpressure on the mass flow controller, and therefore it was
disassembled. Next, the line out from the mass flow controller was teed off into the reaction
gas/carrier line on the door of the ETV unit and this was found to alleviate the back-pressure
issue. This set-up can be seen in Figure 3.9. The reaction gas was originally shut off to see if
hydrogen could solely replace the role of the CF4 in both lowering the vaporization temperature
of the elements by forming hydrides and reducing the silver sulfide formation. Hydrogen has
been previously reported as a chemical modifier in ETV-ICPOES [13]. It was determined
experimentally that both the Au and Pd were able to form hydride complexes that vaporized
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within the 2300°C vaporization temperature, while Pt which has the highest of the three melting
points was not able too. Therefore, the CF4 gas was still needed to properly vaporize the three
elements, while the hydrogen gas was added to help reduce the Ag2S formation. It was
determined that in fact introducing hydrogen limited the production of tarnish, both seen through
observation of the transfer tube but also experimentally where a non-saturated silver emission line
was monitored (Figure 3.10). As seen in Figure 3.10, with the higher flow rates of hydrogen,
more elemental silver is introduced into the plasma; a lower hydrogen flow rate causes more
Ag2S to be formed, and therefore a lower elemental silver peak is observed as the compound does
not reach the plasma. Although the higher hydrogen flow rate helps to mitigate the Ag2S
production it does not come without its own problems. As higher hydrogen flow rates are
introduced, a cooling of the plasma occurs, resulting in higher background noise and lower
sensitivities for the three elements of interest. Therefore, establishing an appropriate optimization
of the hydrogen gas flow is crucial in obtaining the best possible compromise between sensitivity
and reduction of Ag2S.
The exact mechanism of how the hydrogen helps mitigate the silver sulfide is not quite
known, although the addition of hydrogen was quite beneficial to the furnace regardless of the
silver sulfide reduction. It was observed that the hydrogen helped prevent any sticking of sample
to the boat and to the surrounding furnace, most likely by creating a small layer of H2 gas
between the sample and the surface.
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Figure 3.9: Overview of the ETV unit with the hydrogen line from the mass flow controller teed
into the reaction gas/carrier line outlined by yellow circle.

3.3.5 Optimization of H2 gas flow
As mentioned previously, establishing an appropriate optimization of the hydrogen gas
flow is crucial in obtaining the best possible compromise between sensitivity and reduction of
Ag2S. Therefore, decreasing flow rates of H2 gas (50 mL min-1 – 10 mL min-1) were utilized, and
peak areas of Au, Pt and Pd were summed to see the effect of H2 gas flow rate on sensitivity. It
was determined that between 20-30 mL min-1 provided the best compromised sensitivity to
background noise. It should be noted that Pt is the most susceptible to signal noise with
increasing flow rates of H2. 30 mL min-1 was selected however as to try and mitigate as much of
the tarnish produced as possible.
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Figure 3.10: Overlay of temporal profiles for Ag 176.614 nm (mass corrected) obtained by ETVICPOES with different flow rates of H2 gas added to the reaction gas.

3.3.6 External calibration with solutions or solids for the analysis of silver buttons with the
addition of H2 to the reaction gas
As the previous results in Table 3.4 were significantly different from the certified values,
a similar experiment was repeated with standard solutions to see if the addition of H2 could
provide a better agreement of values. With only 5µL injections being added to the graphite boat,
the 3-way switch valve was not used as the amount of water vapor produced during the drying
stage was insignificant. In addition, as the buttons were cut into rough pieces, a calibration using
increasing amounts of CRM button was also conducted to see if better agreement could be
obtained than with standard solutions. Liquid calibration of Au and Pd were found to be very
linear, however Pt did not end up producing a linear calibration curve. This may be due to the
higher flow rate of H2 used where the background noise of Pt is significantly increased with
higher flow rates over that of Au and Pd. CDN-PGMS-27 solid CRM was then analyzed
following the liquid calibration to try and calibrate the ETV furnace by means of solid sampling.
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Calibration of the ETV furnace using a solid CRM with the same matrix as the sample should
allow for a more uniform degree of vaporization and transport efficiency over that of the aqueous
standards. A raw emission line profile of three increasing sample masses can be seen in Figures
3.11-3.12 for Au and Pd respectively, as Pt had no observable proportional trend for mass to
signal ratio.
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Figure 3.11: Raw signal emission profiles of Au 201.265 nm from increasing CDN-PGMS-27
masses by ETV-ICPOES.
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Figure 3.12: Raw signal emission profiles of Pd 229.651 nm from increasing CDN-PGMS-27
masses by ETV-ICPOES.

It is evident from Figure 3.11 and 3.12 that after the mass of 0.9 mg was introduced into
the furnace, the subsequent mass of 1.5 mg did not produce a proportional signal response. An
additional mass of 2.2 mg was also analyzed but was omitted from the raw data emission lines as
it overlapped the 0.9 mg line, cluttering both diagrams. From the summed peak areas, both Au
and Pd produced a linear relationship from the blank value, 0.5 mg and 0.9 mg. It is plausible in
stating that as subsequent runs take place the lack of proportional response of signal to mass is
caused by a reduced transport efficiency. Although from Figure 3.10 it is seen that increasing the
amount of hydrogen reduces the amount of Ag2S produced, this reduction may not be substantial
enough for a high enough transport efficiency to take place to correct for this.
When aqueous calibration solutions were run against the CDN-PGMS-27 button a clear
discrepancy is still apparent between the values even with the addition of hydrogen as seen in
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Table 3.5. The ratio between the calculated to the certified for both Au and Pd were calculated to
be roughly the same value, suggesting that the two elements transport efficiency are affected in
the same manor in relation to the aqueous standards. Regardless of the Ag2S, the transport
efficiency of the button and the aqueous standard may be too different for the values to ever
match. Therefore, a solid calibration was run using CDN-PGMS-27, while CDN-PGMS-29 was
used as a sample to run against the calibration curve to see if a matrix-matched standard improved
the precision and accuracy of results. As mentioned above, only a 3-point calibration curve was
able to be produced as larger masses over 0.9 mg produced non-proportionate signal responses. It
is therefore no surprise that when a test sample of CDN-PGMS-29 was analyzed that the values
were not in agreement as seen in Table 3.6. The higher calculated values are most likely because
of the built-up residual calibration samples that remained at the exit of the furnace that were not
transferred to the plasma. Multiple cleaning steps were run between calibration samples to try
and mitigate this.

Table 3.5: Calculated and certified value for CDN-PGMS-27 using aqueous external calibration
by ETV-ICPOES (n=2).
Element (wavelength in nm)

Measured (ug/g) ± standard
deviation

Certified (ug/g) ± standard
deviation

Au 242.795

2129 ± 781

9290 ± 851

Pd 229.651

942 ± 98

4006 ± 145
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Table 3.6: Calculated and certified value for CDN-PGMS-29 using CDN-PGMS-27 as a 3-point
external calibration by ETV-ICPOES (n=1).
Element (wavelength in nm)

Measured (ug/g)

Certified (ug/g) ± standard
deviation

Au 242.795

619

151 ± 19

Pd 229.651

2680

1310 ± 89

3.4 Conclusions and Future Work
The N2 sheath approach allowed for a more time simplistic set up over that of the water
nebulization pre-evaporation setup all while providing a higher plasma robustness. Improving on
the previously reported method for drying liquid standards for analysis in the ETV proved to be a
more time effective drying step (1.5 minute per sample) and lowered the chance of sample
contamination. The 3-way switch valve was important in allowing the water vapor produced by
larger volumes of injected solution to be released to the atmosphere when drying instead of
depositing along the transfer tube which could potentially trap the vaporized sample. A secondary
valve was used to act as a gas buffer to prevent plasma shut off when the primary valve was redirected back toward the plasma. In order to confirm the accuracy of this improved drying
method, multiple CRMs were run against aqueous standards to confirm the calculated to certified
values.
Liquid standards were then run against a solid Ag button CRM using the improved drying
method and N2 sheath to see if similar results could be obtained to those obtained with the
previous CRMs. The calculated values deviated significantly to the certified values, and this
lack of agreement was most likely attributed to the Ag2S deposition along the transfer tube that
would affect the transport efficiency of the vaporized button. As the deposition was initially
thought to be Ag2O, addition of H2 was hypothesized to bind to free O2 in the air such that the
formation of the tarnish would be reduced. It was found experimentally and visually that the
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addition of hydrogen gas into the reaction gas/carrier stream was able to help reduce the amount
of Ag2S formed. The exact mechanism of how H2 reduces the formation is not quite known. The
introduction of hydrogen however was seen to cool the plasma as the background noise was
significantly increased with the higher flow rates of H2. This was found to be particularly
apparent for Pt which was the most susceptible to high background noise from hydrogen.
Optimization of the hydrogen flow rate was conducted to provide the best compromised value for
sensitivity to Ag2S reduction and was found to be between 20-30 mL/min.
Liquid standards were re-run against the silver CRM button utilizing the hydrogen gas
set-up, the ratio between the calculated to certified for this experiment was slightly closer to that
than of the previous experiment were no hydrogen was used. Pt from the aqueous standards and
solid did not calibrate, however, this may be due to the high background noise at higher flow
rates of H2. Although the values were calculated to be more in agreement, they were still
significantly different. Solid calibration was also conducted on the same day, however only a 3point calibration was able to be produced as non-proportionate mass to signal emissions were
observed after the 0.9 mg sample was introduced. The solid samples were ultimately calculated to
have higher concentrations than the certified values. This may be explained by the residual
vaporized sample trapped in the Ag2S powder from previous runs where only a fraction of the
signal was observed for the specific mass.
For future work, analyzing a fire assay button without the Ag collector such as a lead
button may provide more clarity to if the Ag2S formation is the sole limiting factor in the lower
transport efficiency. Further investigation is also needed into the introduction of H2 to conclude if
it is the best approach into limiting the Ag2S formation or if another approach is necessary.
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Chapter 4: Summary and Future Work
The two projects described in Chapters 2 and 3 explored alternative sample introduction
techniques and the use of foreign molecular gases to produce a mixed-gas plasma to facilitate the
ICPMS and ICPOES analyses of samples traditionally digested by acid.
The first project attempted to develop an alternative method for the analysis of lithium
borate fused discs by slurry analysis into ICPMS. A FI manifold with a 100 µL loop was used as
it allowed for a defined sample volume introduction and decreased the sample volume required
for analysis. In addition, an Ar-N2/H2 mixed gas plasma was utilized to increase plasma
robustness and to minimize polyatomic interferences of oxides ions. Various surfactants were
initially explored at different concentrations to produce a stable homogenous slurry that would
not cause agglomeration when left undisturbed. Triton-X-100 was found to provide the greatest
stability at a higher concentration of 1% (v/v), however a 4% concentration was also explored and
was found to significantly improve the reproducibility of results.
External calibrations of solution were performed with multi-elemental stock standards,
and matrix matching of the standards was explored by the addition of the fusion flux. Although
Co, Zn, and Cu fell within the standard deviation of the certificate value, the other analyzed
elements did not. Improper suspension of the flux was most likely responsible for the
disagreement between the calculated and certified values, where agglomeration of flux was seen
at the bottom of the bottle. Matrix matching of the standards with aqueous standards was also
tried by adding 400 ppm of Li to one set of standards. Signal suppression by the added lithium
was apparent, however internal standardization with an 76Ar2+ helped correct for this observed
suppression. This indicated that the problem was occurring in the sample introduction system
where the solution and solid particles had behaved differently, especially as the slurry
concentration increased. Therefore, the method of standard addition was then tested to further
confirm that matrix effects were not predominately responsible for the lack of agreement with the
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certified values. A stock multi-elemental solution was prepared, and the samples were spiked
with increasing volumes of solution. Ultimately it was found that this calibration method was
most accurate when the slurry concentration was well diluted and that the flow rate of the carrier
did not exceed 1 mL/min.
Further experimentation with external calibrations were then conducted as it was
theorized that the sample introduction system was primarily responsible for the observed
disagreement of values. Two slurries were prepared at 0.4% (m/v) and 0.8% (m/v) respectively,
and it was determined from this experiment that the previous discrepancy in values observed was
in fact predominately a sample introduction problem, where matrix effects may or may not be
contributing to analytical suppression. The results for the majority of elements in the 0.8% (m/v)
concentration slurry were found to be in agreement with the certified values at the 95%
confidence level.
In the future, analyzing the particulate size of the ground slurry after the “bottle and bead
method” by dynamic light scattering would prove to be useful in classifying the mean particle
size of the suspension. Further exploration of external calibrations is also required, to determine
the working concentration range of the slurry, as well as to explore the use of additional internal
standards to compensate for potential space charge effects, particularly on lower atomic mass
elements. In addition, analysis by ETV-ICPMS may also prove to be a simplistic alternative
method of sample introduction for lithium borate fusions in comparison to traditional nebulization
of the digest. ETV is advantageous for slurries as it allows for both solid and liquid sampling
and calibration, low sample consumption and low limits of detection.
The second project attempted to establish a simple sample introduction method for fire
assay beads through the use of SS-ETV-ICPOES with aqueous standard calibration. Initial
experiments utilized a water nebulization/pre-evaporation system to introduce larger sample
masses, however a simple Ar-N2 mixed-gas plasma was used to improve the sensitivity and
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detection limit for this method. ETV was explored in improving the drying procedure of aqueous
standards over previous conventional bench-top drying with IR-block heaters. An optimized
drying time of 1.5 minutes was found to dry solutions > 30 µL to complete dryness before
vaporization occurred. Due to significant water vapor deposition along the transfer tube, a 3-way
brass ball valve was installed in line at the exit of the ETV to allow for the vapor to vent into the
atmosphere. Two CRMs (1648a and 2711) were analyzed to test the accuracy of this improved
drying method. It was found that with CRM 1648a, 7/9 elements fell within standard deviation of
the certificate value, suggesting that this aqueous drying method with the ETV can be used for
accurate determination of samples. External aqueous calibration with the silver button resulted in
a significant difference between calculated to experimental value, most likely being attributed to a
problem with the transport efficiency of the sample. A ‘black powder’ was seen being
continually deposited along the inner side of the transfer tube, and was later determined to be
Ag2S, a reaction occurring between the high silver matrix of the bead and atmospheric sulfur
complexes. Hydrogen gas was explored to try and mitigate what was originally believed to be
Ag2O, by binding to the free oxygen in the air. The exact mechanism in which the H2 helps
mitigate the effects of Ag2S is not known. The H2 gas line was teed into the reaction/carrier gas
line at the door of the ETV furnace. A hydrogen optimization was conducted to obtain the best
compromised conditions for elemental sensitivity to reduction of Ag2S, as introducing higher
volumes of H2 gas cools the plasma and introduces significant noise. A compromise of 30
mL/min was selected. The hydrogen however failed to entirely correct for the Ag2S formation,
and a second analysis with external calibration of aqueous standards only improved the calculated
to certified value by a small factor. External calibration by means of a solid CRM also did not
yield improved results over those obtained with aqueous standards. It was found that nonproportional signals to mass were being observed after two sample masses were analyzed.
Measured concentrations were higher than the certified values, and most likely can be attributed
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to residual analyte that remained trapped in the deposition in the furnace and along the inner
transfer tube.
In the future, analyzing a fire assay button without the Ag collector such as a lead button
may provide more clarity to if the Ag2S formation is the sole limiting factor in the lower transport
efficiency. In addition, it should also be considered that the H2 may not be the best approach to
limiting the production of Ag2S. Slurry analysis may also prove to be an alternative method that
would avoid the production of Ag2S in its entirety, however issues with actively crushing the
button to small particulate is a limiting factor for this method that would have to be addressed.
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