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Abstract 

The accuracy and precision of catalytic converter analysis using conventional 

analytical methodology such as fire assay, x-ray fluorescence, atomic absorption and 

ICP-AES are typically in the range of ±7-10% RSD. Due to the high cost of noble 

metals, methods of analysis with increased accuracy and precision are desired to evaluate 

the loading of noble metals onto converter bricks. The investigations described in this 

work have resulted in a better understanding of many of the inherent problems and have 

contributed new approaches for sample dissolution and analysis using array detector 

based Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) and 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). These methods are shown to 

be accurate and precise for the analysis of Pt, Pd, and Rh in catalytic converters. 

Catalytic converters are difficult to dissolve by conventional acids even when 

heated to the boiling point of the acids. While carius tubes have previously been 

employed to dissolve small weights of sample (33), complete dissolution of increased 

amounts of sample, as needed for high precision ICP-AES analysis, has been hindered by 

the insufficient oxidation potential of the acids in the carius tube. Additionally, the 

presence of cerium and zirconium, which are found in high concentrations in today's 

modem catalytic converters, significantly affects the dissolution of catalytic converters 

and noble metals, particularly rhodium. In this work, the addition of ferric chloride is 

shown to increase the dissolving power of the carius tube method and specifically targets 

Pt, Pd and Rh for dissolution. 
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Simultaneous collection of analyte wavelengths and simultaneous background 

correction, as performed with multichannel array detector ICP-AES instrumentation, 

have enhanced sensitivity and precision in catalytic converter analysis when compared to 

single channel instrumentation. The studies described within this dissertation 

demonstrate that flicker noise has been effectively eliminated through the use of 

multichannel array based ICP-AES instrumentation. The majority of fluctuation is then 

shown to be associated with slight wavelength shifts along the axis of the detector, rather 

than the theoretically predicted signal shot noise. An improvement in precision is shown 

to result from increased center subarray sizes or through well-matched internal standard 

lines. Employment of either of these techniques is shown to improve precision up to a 

factor of five. With proper line selection and the use of the high-resolution system. Ft, Pd 

and Rh in catalytic converters can be analyzed with precision of 1-1.5 %. ICP-AES 

accuracy has been confirmed through isotope dilution ICP-MS employing new 

methodology to avoid Zr isobaric interferences. 

Laser ablation ICP-MS (LA-ICP-MS) has also been used for direct as well as 

spatial analysis of solid samples. Precision and accuracy of 3-5% are demonstrated 

without sample dissolution. Detection limits for LA-ICP-MS have been measured at 6-

200 ng/g in the solid. Laser ablation has also demonstrated the ability to perform spatial 

analysis of Pt, Pd and Rh in catalytic converters for homogeneity studies and in specially 

designed catalytic converter samples. 
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Chapter 1: Introduction to Noble Metals and ICP Analysis 

The group of metals highlighted in Figure 1.1 is known as the rare or "noble" 

metals. The term "noble" has been used because, much like the noble gases, these metals 

were first thought to be inert. Obviously, the catalytic properties of the group and the 

existence of highly volatile oxides of osmium and ruthenium illustrate that these metals 

can be quite reactive; nonetheless, the name has remained. Noble metals have been used 

as catalysts in a number of processes including the production of nitric acid and control 

of exhaust gases from automobiles. 

Gold is the most prominent member of the group, and man has been developing 

methods for procuring and isolating it for thousands of years. Since the chemistry of the 

HDH F® Q@ Ml ©00 lira 

T© Ru Rh Pd Ai 

Os Ir Pt Au 

Figure 1.1 Noble Metal Subset of Periodic Table Highlighted in Black. 
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group is similar in many respects to gold, existing methods for analyzing gold have often 

been adapted to analyze other noble metals. 

1.1 Chemistry of Noble Metals (1-6) 

The platinum group metals and gold are resistive to chemical decomposition due 

to their high ionization potentials at ordinary temperatures and the thermodynamic 

stability of their crystal lattice structure. Nevertheless, each of the metals included in 

Figure 1.1 can be oxidized by chlorine, and conditions exist under which each element 

can be put into solution. The corrosive action of an acid or base will depend on 

impurities, the size and surface area of particles, and the metallurgical history of the 

sample. The fact that a pure platinum metal is insoluble in a certain acid does not mean 

that some dissolution will not occur in the presence of sample impurities. For example, 

platinum is not soluble in nitric acid. However, if mercury is present in the sample, then 

platinum is partially dissolved by nitric acid. Conversely, if rhodium, which is normally 

soluble in sulfuric acid, is first treated by fire assay, it becomes unreactive to sulfuric acid 

(1). The alloying of these metals with zinc or tin also contributes to their solubility. For 

example, rhodium alloyed with zinc is soluble in aqua regia (2). While impurities and 

mixtures affect the solubility of platinum metals, typical dissolution procedures exist for 

each individual pure noble metal. 

Gold is the mostly widely known of the noble metals, and there are a variety of 

dissolution schemes for it. Gold dissolution methodology is focused on mining and 
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purification. Gold, like other noble metals, has an affinity for chloride species and is 

readily soluble in aqua regia or any mixture creating nascent chloride (4). 

Au + HNO3 + 4 HCl > 2H2O + NO + HAUCI4 (1) 

Almost any form of chlorine, bromine, and iodine will dissolve gold in the 

presence of an oxidizing agent such as ferric chloride. 

However, the presence of silver retards both of these processes by forming insoluble 

silver chloride. 

A frequently used method for the dissolution of gold involves the use of cyanide. 

Potassium cyanide, sodium cyanide or potassium ferricyanide is added to crushed ore and 

dissolves copper, silver and gold as shown by the reaction below (4). 

Au + 3FeCl3 > AUCI3 + SFeClj (2) 

3 Au + K4Fe(CN)6 + 2H2O + O2 3KAu(CN)2 + Fe(OH)3 + KOH (3) 

Common dissolution procedures for individual noble metals are shown in Table 

1.1 (1,3). When pure, dissolution of most of these metals can be accomplished using a 
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Element Common Dissolution Procedure(s) 

Au Dissolved by aqua regia 

Pt Dissolved by aqua regia 

Pd Dissolved by aqua regia, sulfuric, nitric and hydrochloric acids 

Ir Only certain forms dissolved by aqua regia 

Rh Dissolved by boiling sulfuric and hot hydrobromic acids 

Os Certain forms dissolved by nitric acid 

Ru Not dissolved by mineral acids under normal conditions 

Table 1.1 Common Laboratory Dissolution Procedures for Noble Metals (1,3)-
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single mineral acid. However, few methods exist to dissolve combinations of noble 

metals. Aqua regia is a popular acid due to noble metals' strong affinity for chlorine and 

chlorine species; however, Ir, Ru and Rh are either insoluble or exceedingly difficult to 

dissolve. While certain alloys, minerals and even physical forms of Ir are partially 

dissolved by aqua regia, results have not been quantitative (3). Rhodium is also typically 

insoluble in aqua regia, however, certain physical forms such as rhodium black, which 

has a high surface area, are soluble. Ruthenium is not considered soluble in aqua regia. 

Fusion reactions can also be used to dissolve noble metals. Alkali metal oxides and 

peroxides are popular fusions for dissolving osmium. However, fusion methods are not 

conmion for either Pt or Ir because of the large number of dissolution vessels composed 

of these metals (1). Also, there is no simple method for the dissolution of Pt, Pd and Rh 

as a combination. Therefore, more complex, time consuming methods such as 

chlorination and fire assay are required. 

1.2 Chlorination of Platinum Group Metals 

As described by earlier equations (1) and (2), chlorine has a strong affinity for 

gold and platinum group metals. In particular, rhodium and iridium are difficult to 

dissolve, but under the proper conditions chlorination can provide a means to dissolve 

these elements. There are three different types of chlorination reactions used, each with 

its own advantages. The first and most popular type is to heat chlorine gas and an alkali 

or alkaline earth metal salt' with the noble metal sample (3). This method is ideal for the 

' Arsenic and Selenium salts also have been used for chlorination. 
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preparation of noble metal standards because there is no loss of material for most of the 

noble metals. The second method is a dry chlorination with a metal salt. This method is 

useful for large-scale dissolution and separation of platinum from iridium. The last 

method is a wet chlorination where the noble metal sample is heated in a sealed tube with 

hydrochloric acid and an oxidizing reactant. 

Dry chlorinations are based on the principle that chlorine with or without the 

presence of a metal salt will create water-soluble compounds of the noble metal. For this 

process, the sample covered with sodium chloride is slowly heated in a porcelain boat to 

approximately 700°C for seven to eight hours in the apparatus shown in Figure 1.2. The 

treated sample is then soluble in dilute HCl. Osmium and rhenium, which form volatile 

chlorides, are collected in solutions purged with sulfur dioxide. This process and its 

chlorinated products have been extensively studied for platinum (1,7,8). Similar versions 

have been used to produce primary standards of rhodium by NIST (9). While dry 

chlorinations provide a very effective means for preparing primary standards, only noble 

metals are targeted by the chlorination attack. Thus, noble metal samples in a 

complicated matrix require a wet chlorination procedure. 

The process for wet chlorination or carius tube dissolution was brought about by 

the idea that rhodium, ruthenium, osmium, and iridium are not insoluble in aqua regia, 

instead, the reaction rate is too slow to be accomplished in a reasonable time at 

temperatures up to the boiling point of the acid (10). This concept was precipitated by 

the fact that finely divided metals, i.e. having higher surface area and alloys, are more 

susceptible to acid dissolution. Wet chlorination is a desirable altemative because it does 
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not add the binary salts of a dry chlorination and prevents loss of volatile chlorides of 

osmium, ruthenium, and platinum. 

The method of carius tube dissolution was originally developed by Carius in 1865 

(11) with a modem updating in a series of investigations at the National Bureau of 

Standards (presently NIST) (11-15). These studies demonstrated that certain small size 

noble metal samples could be dissolved under high temperatures and pressures, 

sometimes in excess of 4,000 lbs/in^ (13). Carius tubes provide three main advantages 

for noble metal analysis. First, chlorine is a strong oxidant, which provides 

thermodynamic stability to noble metal ions in solution through octahedral and 

tetrahedral complexes of chloride. Second, carius tubes also dissolve a variety of other 

difficult materials including ceramics, refractory oxides and silicates (15), which would 

fluther complicate dissolution of a complex sample. Lastly, carius tubes typically oxidize 

noble metals and specifically Os and Re to their highest valence states, thus, enriched 

isotopes normally achieve chemical equilibrium with natural Os and Re (13). 

1.3 Fire Assay and other Separation Methods 

Historically, the most popular method for the analysis of noble metals is the use 

of fire assay in combination with other analytical schemes. In 1975, a survey was 

conducted showing that 92% of all platinum compounds were analyzed using this 

technique (3). There are four main reasons for its popularity. First, noble metals are 

typically present at sub-ppm levels in many samples. Fire assay preconcentrates noble 

metals from large sample sizes. Second, many base metals such as iron or copper 
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interfere in the analysis of noble metals. Fire assay eliminates these interferences by 

separating the base metals from the noble metals. Third, most platinum group metals are 

inhomogeneously interspersed within a given sample. Fire assay provides the means of 

measuring large sample sizes (25 grams or larger) to give the average noble metal 

concentration in a given ore. Lastly, as previously discussed, noble metals can be 

difficult to dissolve using either acids or bases. Fire Assay is a proven method of 

dissolution, which has been used for many hundreds of years. 

Fire assay for ores containing gold and silver was first treated comprehensively by 

Lazarus Ercker in 1574 (3). Although the technique remains in use today, its exclusive 

use followed by direct gravimetric analysis is rare. Rather, fire assay is used as a 

preconcentration and dissolution step in combination with a wide range of analytical 

methods. While use of a preliminary fire assay step gives flexibility to the analysis, it 

also makes the technique difficult to evaluate. Generally, the technique should be looked 

at as excellent for the evaluation of commercial grade ores while precise quantitation 

remains problematic. 

Problems for noble metal analysis mainly stem from losses during heating or 

incomplete retention in various stages. Noble metals can be lost in any of the heating 

steps of dissolution and separation. Losses of noble metals will depend on the skill and 

experience of the operator, the particular metal being examined, and the matrix of the ore. 

The mechanisms of loss are not completely understood, but have been studied by 

radioactive tracers (1). Losses of volatile noble metals such as Os and Ru are particularly 

troublesome for the common lead flux and have led to the development of alternate 
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collectors such as iron, copper, tin, and in particular nickel sulfide (16). There are some 

particular cases of interest involving the effect of sample matrix. The presence of nickel 

in the sample usually results in a loss of palladium (3). The presence of copper 

encourages the dissolution of noble metals into nitric acid. The presence of sulfides 

usually necessitates addition of potassium nitrate (3). Equipment is also bulky and 

expensive, requiring many reagents, any of which could have trace impurities affecting 

the measurement. Inconsistent losses of noble metals lead to poor precision in the 

analysis of noble metals, typically to a level of 7-10%. Thus, dissolution techniques such 

as wet chlorination are preferred for high precision work. 

1.3.1 Ion-Exchange Separation 

One of the major advantages of fire assay is the separation of noble metals firom 

base metals in a sample. Ion exchange provides an alternative for noble metal separation. 

In chloride solutions, noble metal species are usually present as stable anion complexes 

(17), as shown in earlier reactions. These species can either be retained on an anion 

exchange column or eluted through a cation exchange resin without adsorption (18-20). 

The majority of base metals including copper, iron, nickel and many lanthanides form 

cationic complexes and are therefore retained by cation exchange columns. The large 

differences in binding constants for the noble metals and resin allow each noble metal to 

be selectively eluted firom the column. 

However, ion exchange is complicated by two factors. First, platinum metals do 

not always bind completely to strongly basic anion exchange columns. Separations are 
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thus completed using cation exchange columns and collecting the effluent. Elimination 

of base metals with a cation exchange resin will be discussed further in Chapter 5. 

Second, Rhodium (III) is weakly adsorbed by cation exchange resins. According to the 

literature, Rh (III) forms an aquo complex, which facilitates adsorption by the resin (17), 

but does not adsorb quantitatively. To overcome these difficulties, researchers have 

synthesized alternative resins for noble metal separation (21,22). 

1.4 Dissolution and Analysis of Catalytic Converters 

With the passage of the Clean Air Act in late 1970 in the United States, the 

automotive industry became the largest consumer of platinum group elements, in 

particular Pt, Pd and Rh. The catalytic converter works to reduce polluting emissions 

from the internal combustion engine by catalyzing the conversion of pollutants to less 

harmful products. The "two-way'"^ catalytic converter works by oxidizing carbon 

monoxide and hydrocarbons to carbon dioxide and water. While a single element, either 

platinum or palladium, could be used to catalyze these reactions, the combination of 

platinum and palladium provides distinct advantages. First, platinum has a higher 

activity for carbon monoxide oxidation at the expense of susceptibility to high 

temperature sintering. Second, each metal is specific in the hydrocarbon oxidation it 

favors. Platinum favors oxidation of saturated alkanes while palladium works 

significantly better for olefins. Lastly, the combination of the two metals provides a 

catalyst, which has a higher activity than either metal by itself. A newer addition to the 

2 "two way" and "three way" are terms widely employed in the automotive industry. 
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converter is rhodium, which is capable of reducing nitrous oxides to nitrogen and water 

in the three-way converter (22).^ 

The catalytic converter is produced by placing the active metals on a substrate 

typically composed of cordierite, 2Mg0*2Al203*5Si02. The substrate can either be a 

monolithic support or pellets collected together in a bed with the main criteria being high 

surface area. A washcoat, mainly composed of alumina, is then added to the substrate. 

The washcoat is typically be sintered at high temperatures, thus, a variety of stabilizers 

such as barium and lanthanum are added. In the newer generations of converters, cerium 

is added for oxygen storage to influence the activity of the catalyst during lean and rich 

operations of the automobile engine. Other metals in the large variety of washcoats can 

include nickel, zirconium, iron, vanadium, titanium, and neodymium. The washcoat is 

added as slurry with the excess blown off with an air knife. The washcoat is then 

calcined followed by the addition of solutions of noble metal catalysts as salts of chloride 

or ammonia. The resulting brick is then treated in a similar fashion with an air knife, 

heating, and calcining. 

The dissolution of catalytic converters for atomic analysis of noble metals 

presents some of the same difficulties encountered in dissolving noble metal ores and 

alloys. The dissolution of fresh catalyst is usually accomplished by prolonged heating of 

homogenized particles in hydrochloric acid with a suitable oxidant, either chlorine or 

hydrogen peroxide. If the sample contains silica, hydrofluoric acid is used in a 

preliminary treatment. For spent catalysts, ignition at 500°C is done to remove carbon 

and organics (23). Once the sample has been treated with acid, the remaining 
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undissolved portion is dissolved by nickel sulfide or pyrosulfate fusion. If the sample is 

cordierite, 60% is insoluble in acid and retains noble metals similar to an ion exchange 

column (23). In these cases, fire assay is a typical altemative for dissolving both the 

matrix and noble metals. As measurements are imprecise when using fire, alternate 

methods of analysis and dissolution are needed for cordierite catalytic converters. 

A number of other techniques have either been used or proposed for the analysis 

of noble metals in this type of matrix. Solid sampling techniques, such as x-ray 

fluorescence (XRF) (24), laser ablation ICP (LA-ICP-MS) (25) and neutron activation 

analysis (NAA) (8,26) avoid complicated dissolution steps typically preceding analysis. 

The speed of analysis enables these techniques to be used in quality control monitoring 

and spatial analysis with the drawback of high matrix effects and a decrease in obtainable 

precision. Electrochemical techniques, such as coulometry, have been used for high 

precision measurements of noble metal primary standards, but analysis of catalytic 

converter samples is complicated by the matrix, multiple redox reactions of mixed 

oxidation states, and an irreversible Pt(II) to Pt (IV) reaction in a chloride matrix (27). 

Atomic spectroscopic techniques have been used with some degree of success in 

analysis of noble metals and catalytic converters. Methyl isobutyl ketone (MIBK) is used 

to extract gold prior to analysis by Flame AA (28). Pt, Pd and Rh analyses in catalytic 

converters have been studied by both Flame AA and graphite fiimace (18,29) with 

limited success due to these methods poor sensitivity in detecting |ig/ml concentrations of 

rhodium. Furthermore, direct analysis by ICP-AES of platinum group metals is 

problematic due to a host of interferences including Cu, Fe and Ni. Separation has 
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previously been considered a necessary prerequisite for atomic emission of catalytic 

converters (30-32). Nevertheless, recent changes in simultaneous multichannel detection 

of ICP-AES, discussed in the next section, provide an opportunity to analyze catalytic 

converters with precision and sensitivity higher than previously obtained without 

requiring separation techniques. Simultaneous multichannel detection allows the use of 

unconventional wavelengths for Pt, Pd and Rh analysis, which may not be the most 

sensitive, but these wavelengths avoid many spectral interferences in the matrix. 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is powerful tool, 

which complements catalytic converter analysis by ICP-AES. Using a mass spectrometer 

retains the stability of the plasma, while reducing the number of matrix interferences. 

Measuring m/z ratios enables ICP-MS to obtain isotope ratio information. Isotope ratios 

can be measured with a high degree of precision; thus isotope dilution is a method of high 

precision and high accuracy. Based on known accuracy, isotope dilution is one of only a 

small handful of techniques determined as primary analytical methods in analyzing 

samples. Thus, isotope dilution can be used to verify ICP-AES concentrations and 

accurately quantitate standards. Previous work of Isotope Dilution ICP-MS (ID-ICP-MS) 

has focused on used, early generation catalytic converters which have often been 

contaminated with high concentrations of lead (33). Methodology developed for these 

catalytic converter samples does not extend to newer cordierite based converters due to 

isobaric interferences from components in later generation washcoats. Thus, changes in 

methodology are required to analyze modem catalytic converters. 
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1.5 Atomic Emission and Multielement Analysis 

While fire assay is a powerful technique in the dissolution and analysis of noble 

metals, particularly in determining the purity of gold, its utility is limited by poor 

precision in the analysis of Pt metals. New methodology to utilize the higher precision 

and accuracy of atomic spectroscopy is becoming more prevalent in the analysis of noble 

metals. At first, atomic spectroscopy was used as an end-on method in analyzing noble 

metals obtained from fire assay. Today, alternate dissolution schemes continue to be 

developed for direct analysis of noble metals, which can be coupled to modem, 

simultaneous atomic spectroscopic instrumentation to increase precision and accuracy in 

the methodology. 

1.5.1 Introduction to Detection in Atomic Spectroscopy 

Analyses in atomic spectroscopy are made by measuring characteristic 

absorptions or emissions of light firom an atomic source. The wavelengths of these 

absorptions or emissions are representative of the identity of the analyte species present, 

whereas, the magnitude of a particular absorption or emission is proportional to the 

concentration of analyte species. For both emission and absorption methods, intensity 

must be measured accurately to determine the identity and amount of analyte present. 

Whether these measurements are made on platinum group metals or other species, the 

detector is an important component in determining the precision of a method. Detectors 

for these types of measurements can be as simple as the eye or as complicated as a 

modem high-resolution electronic camera system. Distinction between detectors is 
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typically found in sensitivity, response time, wavelength range, quantum efficiency, 

dynamic range, noise, and cost. 

Until recently, detection of atomic lines was mainly performed using the 

photomultiplier tube (PMT) or photographic emulsions. Over the past twenty-five years, 

an enormous range of multicharmel detectors has been introduced into the field of optical 

spectroscopy. In particular, solid-state devices based on the internal photoelectron effect 

have replaced traditional detectors in a number of spectroscopic fields. Recently, 

multielement spectrometers have been developed using Charge Transfer Devices (CTDs) 

as detectors. Simultaneous multielement measurement using CTDs has revolutionized 

atomic spectroscopy by decreasing analysis time and increasing sensitivity. 

1.5.2 Early Detection Schemes 

Early detection of atomic spectroscopy focused on the use the photographic 

emulsion and the photomultiplier tube. The photographic emulsion is able to obtain a 

large amount of chemical information during a single exposure. However, photographic 

emulsions have a limited linear response with concentration. Response is further limited 

by development time and processing methodology. 

The PMT, on the other hand, is able to make more sensitive and more accurate 

chemical determinations. However, the PMT is limited by its single chaimel nature. 

Discrete wavelengths must be analyzed individually, resulting in significant measurement 

times for a scan of the entire spectrum. Furthermore, if the source of the atomic signal is 

a transient, such as a DC arc or spark, single charmel, scanning systems will not optimally 
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detect all wavelengths of interest. Because of the limitations of both detectors, research 

has focused on the development of multichannel detectors, which overcome the 

limitations of the photographic emulsion, while maintaining the sensitivity and linear 

response of the PMT. 

1.53 Multichannel Detection 

In many spectroscopic situations, changing from a single charmel to a 

multichannel or multiplexed detection scheme significantly decreases analysis time. 

Many attempts have been made to develop multichannel or multiplexed detection 

systems suitable for atomic emission measurements. A successful system must meet a 

number of criteria. First, the detection scheme must have wide dynamic range. Atomic 

spectra consist of a wide range of intensities based not only on the concentration of 

elements but also on the sensitivity and spectral throughput of emission wavelengths. 

Second, the detection scheme must have high sensitivity. Unfortunately, for years the 

sensitivity of the PMT was difficult to match with multichannel detectors. Since 

multichannel detectors are typically based on the intemal photoelectron effect, they often 

lack the large intemal gain of the PMT, which results in lower optical sensitivity. 

One obvious solution is the use of multiple PMTs in the form of a direct reader. 

By using multiple PMTs, the direct reader maintains the high sensitivity and wide 

dynamic range, which made the PMT valuable in scaiming systems. Furthermore, the 

near simultaneous measurement of a variety of wavelengths reduces the time required to 

analyze a given sample. However, when using a direct reader, flexibility in wavelength 



selection is lost. Nevertheless, for routine analyses involving a similar matrix, the direct 

reader was proven to be valuable. In comparison to photographic emulsions, the direct 

reader is superior in terms of sensitivity and dynamic range; however, the spectral 

information achieved with emulsions is much greater. 

Early research focused on three alternate areas to achieve a multichannel or 

multiplex advantage for atomic spectroscopy: multiplexing schemes (34-38), photodiode 

arrays (PDAs) (39-43), and two-dimensional imaging detectors (44-49) such as vidicons, 

image orthocons and image dissector tubes. In each of these cases, the major limiting 

factor has been decreased sensitivity compared to the PMT. In addition, the flicker noise 

limited nature of ICP and atomic emission has brought either no advantage or a 

disadvantage in terms of Signal to Noise Ratio (SNR) to the use of these detectors versus 

an equivalent single channel PMT system. Further, the use of PDAs is limited to a small 

spectral window defined by the high spectral resolution necessary and the small size of 

the array. Also, imaging devices such as vidicons, orthicons, £ind intensified vidicons 

have suffered firom a variety of other problems including hysteresis, lag, cross talk, 

blooming, limited dynamic range and linearity, and low spectral coverage (50,51). To 

avoid the multitude of problems with PDAs and conventional imaging tube type 

detectors, researchers have investigated and successfully applied CTDs to atomic 

spectroscopy. 

1.5.4 Charge Transfer Devices in Atomic Spectroscopy 
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Charge Transfer Devices, consisting of the Charge-Coupled Device (CCD) and 

the Charge Injection Device (CID), are rapidly replacing PMTs in a number of optical 

spectroscopies including atomic emission spectroscopy (AES). Originally developed as 

logic and memory devices, the effectiveness of CTDs in imaging has been so great that 

today's television industry uses them extensively. When run in the scientific mode,^ 

these integrating devices offer low noise, large dynamic range, high spatial resolution, 

high quantum efficiency, and a linear response from the soft x-ray to the near-IR. These 

qualities are required for a good multielement AES detector. 

Both the CCD and CID are derived from metal oxide semiconductor (MOS) 

technologies. Whether a CCD or CID, the device contains four basic structures: gate 

electrodes, an insulating layer, an epitaxial layer, and the substrate. The device is 

fabricated on either p-type (CCDs) or n-type (CIDs) epitaxial silicon, which has an 

indirect band gap energy of 1.1 eV. When a photon of energy greater than the bandgap 

hits and is absorbed by the epitaxial layer, an electron-hole pair is created.'^ The electrons 

(CCD) or holes (CID)^ measured are then proportional to the number of incoming 

photons multiplied by the quantum efficiency of the detector. Polysilicon electrodes 

(conducting gates) sit above the epitaxial layer to collect and move the charge. An 

insulating layer approximately a 100 nm thick composed of SiOj or Si02/Si3N4 separates 

the gates from the epitaxial layer. The substrate is at the bottom of the device and acts as 

3 Scientific mode of operation consists of slow scan speeds to increase charge transfer and cooling to 
reduce dark current. 

Multiple electron-hole pairs may be created by higher energy photons according to AE/3.65 eV, the direct 
band gap energy of silicon. 



36 

the mechanical support and electrical common contact for the structure. Additional 

information on CTDs can be found in a variety of papers (51-54). 

Charge Coupled Devices 

The structure and operation of a CCD can be illustrated looking at Figure 1.3, 

which illustrates the structure of a 3-phase device. Above each pixel are 3 separate 

overlapping gates with every third gate connected to the same voltage driver. Initially, 

positive potential is applied to the first electrode, which creates a charge inversion or 

potential well. When a photon of light strikes and is absorbed by the epitaxial layer, an 

electron-hole pair is created. The photogenerated electrons will collect under the nearest 

positively biased gate, while the holes are driven to the substrate. In this maimer, light 

intensity is integrated through the collection and storage of charge beneath the gates. 

After a specified integration time, spectral light is blocked from the detector, usually by a 

shutter. The collected charge is then propagated to the serial register for measurement by 

changing the potential on the overlying electrodes. First, a large potential well is created 

under the first two electrodes by increasing the potentizil on the gates (j)i and (j)2. Second, 

potential is removed on the first electrode and maintained on the second electrode to 

collect charge under <j)2. In this manner, charge has been transferred from one electrode 

to the next. By cycling through this process, the entire image is sequentially shifted from 

electrode to electrode and pixel to pixel until reaching the serial register. At the serial 

register, charge is shifted in a perpendicular direction to the output amplifier. At this 

^ Whether holes or electrons are measured, charge is referred to as electrons. 
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Figure 1.3 Structure of a 3-phase CCD. 

point, a voltage change is measvired and amplified according to the number of electrons 

gathered in the original pixel. 

CCDs have many properties, which make them ideal for spectroscopic analysis. 

When run in the scientific mode, these devices can achieve very low read noise and 

almost nonexistent dark current (50,55). Other desirable featiures of CCDs are the large 

number of individual detector elements and wide dynamic range set by a pixel's capacity 

for charge, the full well potential for the device. A large number of detector elements 

allow the device to adequately cover the large wavelength range of analytically important 

emission lines, while also maintaining the necessary resolution to avoid spectral overlap. 

Unfortunately, several improvements in conventional CCD technology are required to 

successfully implement CCDs in atomic spectroscopic measurements. 

While CCDs have the sensitivity for atomic emission, these devices must also be 

able to detect a wide range of emission intensities. The full well capacity for a typical 
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CCD is approximately 3x10^, giving the CCD a wide dynamic range. When the full well 

potential of a pixel is reached, charge can spill over into nearby pixels in a process called 

"blooming." In atomic emission, where strong and weak lines occur in close spatial 

proximity, blooming from strong analyte or background (Ar) lines will typically cause 

interference and decrease the sensitivity and dynamic range of the device. If enough light 

hits a pixel, an entire row or even the serial register can be filled with charge from a 

blooming line, eliminating the usefulness of the affected pixels. 

While AES measurements can be limited by blooming during normal operation of 

a CCD, two possibilities exist to prevent it in conventional CCDs. First, CCD 

architecture can be modified by the addition of n-type diffusion drains within the pixel. 

This approach is not generally used in scientific devices because the addition of drains 

can significantly reduce QE. Second, modifications in readout can be used to prevent 

blooming. This approach called clocked recombination antiblooming or CRAB uses a 

process called pinning to position holes near the surface, which eliminates excess charge. 

While CRAB is not as effective as overflow drains, it does give conventional CCDs the 

ability to moderately prevent blooming without modifications in architecture. 

Conventional antiblooming CCDs have been investigated for atomic spectroscopy 

with mixed results (49,56). Since CCDs are integrating detectors, optimum integration 

times will differ between strong and weak analytical lines. While the CCD can be made 

antiblooming, quantitation of the collected charge is not possible for strong lines in which 

the full well has been surpassed. Thus, during a run, multiple measurements are required 
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at a variety of different integration times. Multiple measurements translate into extra 

analysis time. 

One other concern in applying conventional CCDs to atomic emission is 

achieving the highest possible spectral throughput in the UV portion of the spectrum. In 

conventional CCDs, backside thinning is normally used to increase QE. In a backthinned 

device, overlying gate electrodes are avoided, which normally reduce spectral throughput 

for a CCD pixel. Thus, conventional CCDs are able to achieve high QE, particularly in 

the near-IR as well as the UV through backside illumination. Organic phosphor coatings 

can also be added to CCDs as well as CIDs to improve QE in the ultraviolet. These thin 

coatings act as fluorescent down converters in which short wavelengths of light are 

converted to longer wavelengths, optimally detected by the CTD. A last means of 

achieving high QE in the ultraviolet is to alter the gate structure and readout of the 

device. Virtual or uniphase gate structures are capable of increased QE in the UV. One 

successful example is the segmented array. 

Segmented array charge coupled devices (SCDs) are CCD arrays specially 

designed to overcome problems found in applying conventional CCDs to atomic 

emission. An SCD device consists of a number of linear CCD arrays placed at the 

positions of important analytical lines as dispersed in an echelle spectrometer. Two sets 

of SCD arrays are used to cover visible and ultraviolet wavelengths. Using 224 separate 

arrays, the segmented array positions up to 4 primary analytical lines per element. Each 

linear array is composed of a buried channel virtual phase structure, meaning that only 

one electrode is used to move charge (57). While movement with a single electrode 
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appears difficult, potential implants buried within the epitaxial layer create multiple 

potential wells in a step formation. One of the implants exists under half of the electrode 

to force movement in a single direction. The use of a virtual device allows the SCD to 

collect light without an overlying gate structure over a significant portion of the 

collection area. Thus, the quantum efficiency of the device is improved particularly in 

the UV, circumventing the need for a fluorescent down converter. 

Since the SCD is composed of individual linear CCDs, each spectral region is 

analyzed by a linear array, which is isolated firom the other arrays. This configuration 

prevents the majority of blooming that would be seen in atomic emission; however, it 

does not prevent blooming fi-om interferences within an individual array. The major 

limitation for antiblooming CCDs is the difficulty in quantitatively measuring strong and 

weak lines in the same spectrum. This limitation is overcome in the SCD by controlling 

each individual linear array. Integration time can be selected based on the sensitivity of 

the atomic lines observed by that array. Strong spectral lines can be read at early 

integration times, while weak analytical lines can be integrated for long periods of time. 

The drawback to this type of setup is that much of the spectrum is ignored; in fact, only 

5.7% spectral coverage from 167 to 782 nm is achieved (58). Also, alignment of the 

spectrometer is critical to obtaining the specified lines, and internal standard lines may 

not be integrated over the same period as analytical lines. Despite these concerns, the 

SCD has been used in atomic spectroscopy to achieve good detection limits with 

subnanometer resolution, including a large increase in spectral coverage compared to the 

direct reader. 
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Charge Injection Devices 

While the structure of the CID is similar to the CCD, operation of the device is 

considerably different. The CID is capable of reading charge both destructively and 

nondestructively. In either case charge is not moved between pixels. A CID pixel 

consists of a pair of crossed electrodes designated the row and column electrode.^ To 

facilitate explanation these electrodes are drawn side by side. The operation of a CID 

requires four separate steps, which are illustrated in Figure 1.4 for operation in "column 

storage" mode. The voltages on the electrodes are set to create a potential well beneath 

the column electrode, which is "deeper" than the potential well under the row electrode. 

In a fashion similar to the CCD, photons, which strike and are absorbed by the epitaxial 

layer, create electron-hole pairs. Charge, consisting of holes rather than electrons, 

collects under the more negatively biased column electrode while electrons are attracted 

to the substrate. At this point, the pixel will collect charge until either the potential well 

is filled or the source is blocked from the detector. 

The next process is nondestructive charge readout and consists of steps (b) and (c) 

shown in the figure. First, the row electrode is disconnected from the row reference 

voltage and then measured. Second, the potential well under the column electrode is 

collapsed, causing charge to migrate to the row electrode. This movement of charge 

results in a change in potential at the row electrode. A second measurement of the row 

electrode potential completes the CID nondestructive readout. The difference in 

^ In the past, these electrodes have been designated the "sense" and "collection" electrodes. 
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potential between the two measurements is proportional to the amount of trapped charge. 

Since the operation is nondestructive, the process is repeated multiple times to reduce the 

effective read noise of the device (59). The last step (d) clears charge contained in a pixel 

by moving both electrode potentials near that of the epitaxial layer, causing charge to 

diffuse into the substrate. 

The CID overcomes the obstacles of blooming and variable integration times 

without the need for modifications of the device. In a CID, since charge is not moved 

between pixels, channel stops are added to prevent the overflow of charge. As a result, 

CIDs are inherently antiblooming, and weak lines will not be unusable due to blooming 

from nearby intense lines. Very intense spectral lines measured with a CID can 

sometimes be mistaken for blooming, but spreading of charge is generally due to grating 

effects. 

The CID has a second important ability, which allows the device to achieve 

variable integration times for strong and weak spectral lines. This feature is called 

"random access integration" (RAI) and allows the CID to read any pixel at any given time 

during the integration period. In practice, commercially available CIDs are not able to 

indiscriminately read pixels. The clocking system is configured such that rows and 

columns must be addressed in a sequential manner often referred to as "pseudo random 

access." If a pixel is to be read twice, the entire clocking sequence must be addressed 

before the second read is performed. In a new upcoming version of the CID, true random 

access will be available. As in the segmented array, short wavelength lines are read with 

long integration times while visible and near-IR lines can be integrated for short periods. 
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In practice, the CID works even better. A short preexposure, approximately 0.2 sec, is 

made prior to a measurement to determine the precise time at which the full well 

capacity^ in a pixel will be reached. Based on the preintegration signal, strong spectral 

lines can be repeatedly read and cleared while weak lines are measured at the end of the 

total integration period. Instead of using single short discrete integration times, the RAI 

feature effectively extends the full well capacity of the device for strong spectral lines. 

1.5.5 CTD Atomic Emission Analysis 

Based on the difficulties in applying CCDs to atomic emission, only the 

segmented array and the CID are available in commercial AES systems. Using very 

different approaches and formats, the SCD and CID achieve comparable detection limits. 

Although the read noise of a CID is slightly higher than for a SCD and dark current is 

slightly higher with the SCD, background noise from the source is typically the limiting 

factor in ICP emission spectroscopy (60). 

Beyond the wealth of lines, high sensitivity, and large dynamic range, CTDs can 

offer simultaneous analysis of all wavelengths. In many spectroscopic situations, moving 

from a single channel to multiple channels will bring about a significant decrease in 

measurement time. Thus, in the amount of time used to make a scan of the entire 

spectrum, multiple measurements or increased integration time can be utilized with a 

multielement or multiplexed system. These measurements can be coadded as in an FT-IR 

^ Charge is actually integrated until % full well is reached since nonlinear effects begin to be observed 
above this value. 
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to improve SNR of a measurement.^ For a multichannel system, this advantage 

corresponds to N'''', where N is the number of detector channels. This increase in SNR is 

based on two assumptions. First, both the single channel and multicharmel or 

multiplexed detector must be equivalent in terms of sensitivity. Second, the limiting 

noise in the measurement is either backgroimd shot noise or detector noise. As described 

earlier, atomic emission systems are normally backgrovmd flicker noise limited. In this 

case, multiplexed systems experience a disadvantage and multicharmel systems 

experience no SNR advantage^ versus a single charmel detector. As expected, direct 

readers experience no SNR advantage. Thus, CTDs should also experience no SNR 

advantage compared to PMTs for atomic emission under equivalent circumstances. 

However, CTDs are not measured under the same conditions. As a result, the 

effectiveness of CTDs will be examined again in Chapter 3. 

1.6 Goals and Scope of the Project 

The analysis of catalytic converters is performed most often with either fire assay 

or XRF. In either case, the complexity and variability of catalytic converter matrices 

provides precision in the range of 7-10%. The focus of this work has many objectives 

with the ultimate desire to develop high precision methods for analy2dng modem catalytic 

converters. For this end, a homogeneous sample must be produced and a suitable 

dissolution method developed. 

^ For CTDs, charge can be integrated rather them coadded. 
^ Flicker noise can be reduced by a decrease in measurement time (25). 
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Chapter 2 will focus on sample preparation and dissolution. Several methods 

have been used in the past, but cordierite is not completely dissolved by traditional 

methods, and no method has achieved efficient dissolutions on the 1-2 g scale. Chapter 3 

will focus on ICP-AES with the development of models to understand noise sources and 

their effects on precision. Models and calculations, developed in this section, will 

determine ultimate limits for precision and accuracy with CTD systems, which will 

subsequently be used to analyze catalytic converters. Chapter 4 will focus on method 

development and catalytic converter analysis with ICP-AES. Chapter 5 will focus on 

isotope dilution and ICP-MS analysis of catalytic converters. Chapter 6 will discuss 

spatial analysis of catalytic converters and other materials with laser ablation ICP-MS. 

The laser ablation system will be evaluated as both a quantitative and qualitative method 

of analysis. Chapter 7 will relate general conclusions and discuss possibilities for the 

future. 
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Chapter 2 Preparation and Dissolution of Catalytic Converter Samples and 

Standards 

Quantitative analysis of a sample as complex as a catalytic converter requires 

several critical steps prior to actual measurement: proper sampling, accurate preparation 

of standards, and complete sample dissolution. While all of these steps are important, 

complete dissolution of the sample is critical for high precision analysis. Methods of 

dissolution for individual Pt group metals must also be able to dissolve a difficult matrix 

usually containing oxides of cerium, titanium and zirconium. Hot plate dissolution with 

aqua regia has proven inadequate for noble metal analysis due to the incomplete 

oxidation of the sample. In the past, the application of carius tubes has demonstrated 

accurate dissolution of noble metals as well as matrix metals (33); however, previous 

dissolution has been for sample sizes of O.lg, a level which is inadequate for high 

precision ICP-AES measurement. This chapter will discuss methods for dissolving 

greater weights of sample through the use of carius tubes, and improvements in 

dissolution by increasing the oxidation potential of the acid mixture. Once a 

homogeneous sample has been produced and dissolved, either ICP-AES or ICP-MS can 

accurately quantitate Pt, Pd and Rh. 

2.1 Preparation of Catalytic Converter Samples 
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For the accurate measurement of any sample, the first step is always proper 

sampling of the material. For the catalytic converter, proper sampling is especially 

critical because of the inhomogeniety of the sample. Results fi-om laser ablation (Chapter 

6) show that platinum metals vary up to 60% in concentration across the length of a brick. 

To create a homogeneous sample, whole catalytic converter bricks were completely 

crushed into a fine powder to obtain an accurate concentration for the loading of the 

brick. 

The initial thrust of this research was to first produce a homogeneous sample fi-om 

a typical modem General Motors catalytic converter. This sample would then be used for 

method development and sample dissolution at the same time as NIST standard reference 

materials. Lots comprised of 50 g quantities of this material were sent to outside 

laboratories (NIST and Pacific Northwest Laboratory) for a comparison of results. Based 

on the similarity in the base matrix for modem catalytic converters, it was assumed that 

future samples would require only minor method changes. 

The firesh catalytic converter sample was prepared fi-om a single converter brick 

obtained from lot MS-481 from the Delphi plant at General Motors. For fiiture reference, 

this sample will be identified by sample MS-481 or fresh catalytic converter sample in 

subsequent discussions. This brick of approximately 800 grams was pulverized into 

smaller pieces. These pieces in lots of 5 grams were then placed into a circular stainless 

steel container with a corundum puck. This container is then rotated at high speeds in a 

mill (shatter box) for 15 seconds. The corundum puck with a hardness of 9 is able to 
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crush the pieces into a fine, 200-mesh powder with the texture of baby powder. The 

powder produced firom each of these pieces is then combined and homogenized prior to 

measurement. 

2.2 Precautions and Preparation of Primary Standards and Materials 

To avoid the possibility of contamination, glassware was acid washed and 

dissolution acids were distilled prior to use. HCl and HNO3 were singly distilled while 

HF and HCIO4 were doubly distilled in our laboratory. For HCL, ICP-MS blanks run 

without distillation were found to have ppb levels of Zr. Much of the dissolution work in 

the remainder of the chapter involves modification of the method of carius tube 

chlorination, first described by Wichers et al. (13) to promote complete dissolution of 

modem cordierite based catalytic converters. Carius tubes provide the high temperature 

and high pressure (sometimes in excess of 4,000 lbs/in") environment needed to 

overcome activation barriers, which typically limit noble metal dissolution. Carius tubes 

were produced in house with CG-703-06 heavy walled glass tubing purchased from 

Chemglass (Vineland, NJ) with 2.5cm OD and 4 mm wall thickness. Lengthwise the 

tubes were 29 cm. Steel jackets, prepared from steel pipe at 3.2 cm diameter and 38 cm 

length, threaded and capped at both ends, were used to contain the tubes and prevent oven 

corrosion in the cases where tubes break. 

Primary standards were prepared in our lab to confirm the values of commercially 

available Pt, Pd, and Rh standards. In particular, rhodium salts can have a wide variety of 
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hydration states, which can produce inaccuracies of up to 10% in commercially available 

standards (9). In early measurements without primary standards, calculated rhodium 

concentrations deviated from true values. Thus, high purity (99.5% or greater in all 

cases) Pt (NIST), Pd and Rh (Johnston Matthey) wires were used to prepare primary 

standards. These wires were weighed to 4 significant figures, then dissolved in carius 

tubes. Pt and Pd were dissolved in carius tubes using 35 mis of 5:1 HCL:HN03 (^0 N, 16 

N) by heating overnight to 90°C. Rhodium, which is very difficult to dissolve, was 

dissolved with 35 mis of 10:1 HCL:HN03 by heating to 300''C in the carius tube for 3 

days. Specific details for carius tube dissolution will be discussed in the next section. 

Once the metals were dissolved, the primary standards were brought to volume with 6N 

HCl and stored in Teflon glassware. 

Preparation of the isotopic spike to be used for isotope dilution was done in a 

similar fashion. Powders approximately 10 mg in size of "®Pt and '"Pd were obtained 

from Oak Ridge Laboratories and placed in carius tubes. External calibration with 

primary standards is used to measure concentration; thus, exact weights were not 

measured. The carius mbes were then heated to 90°C overnight and stored in Teflon. At 

this point, approximately 1/5 of the Pd spike solution was added to the Pt spike solution 

to produce the "*Pt/""Pd isotope dilution spike. 

2.3 Dissolution of SRM Catalytic Converter Samples 
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Previous dissolution of automotive catalytic converters with carius tubes by NIST 

(33) has been on a small scale, 0.1 g or less. While this level works well for the highly 

sensitive ICP-MS, it is not appropriate for high precision analysis by ICP-AES. The 

following section is an effort to mimic the results for ICP-MS and extend the 

methodology to larger size samples, which are appropriate for ICP-AES analysis, and to 

the dissolution of the fresh cordierite based catalytic converter sample. The data has been 

taken during 4 separate trials under varying conditions for SRM 2557. Measurements on 

the dissolved sample were performed with the ICP-AES system, which will be described 

in Chapter 4 with dissolution set to maintain a Pt concentration of 20 ppm in solution.' 

Since the concentration of noble metals in SRM 2557 is well characterized, incomplete 

dissolution of the sample can be discovered by low values for measured concentration. 

Also, in each of these trials, SRM 2557 is first heated to 550°C for 2 hours as described 

in the NIST certification to remove water and organic residue, then stored in a dessicator. 

For the first trial, approximately 20 grams of SRM 2557 were dissolved in four 

separate carius tubes at 5 grams apiece. Each tube was filled with 35 mis of 5:1 

HC1:HN03. Experiments run with larger amounts of acid have led to a higher rate of 

broken tubes during heating. The carius tube is then sealed with an air-acetylene torch, 

and placed inside stainless steel pipes prior to heating. For the first trial, the tubes were 

heated to 80°C for 72 hours. After dissolution, the tubes were opened with a tungsten 

carbide cutter, and the resulting solutions were filtered to remove undissolved silicate 

' Chapter 4 discusses the reasons for setting Pt to 20 ppm. 
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material. The filtrate was then washed and diluted to volume with distilled water. The 

combined solution was then measured by the method of standard addition using ICP-AES 

with the results shown in Table 2.1. 

Table 2.1 indicates that only 75 percent of the rhodium in the sample is dissolved. 

Pt Pd Rh 
Run 1 10/19/94 19.88 4.08 2.04 

Run 2 10/19/94 20.06 3.99 2.01 

Run 3 10/19/94 19.41 4.02 1.97 

Run 4 10/20/94 19.20 3.36 1.95 

Run 5 10/20/94 20.01 3.38 2.03 

Run 6 10/24/94 18.59 3.80 1.97 

Run 7 10/26/94 18.10 3.47 2.05 

Run 8 10/26/94 17.62 3.44 1.95 

Run 9 10/27/94 17.89 3.47 1.98 

Run 10 10/27/94 18.04 3.43 2.00 

Average 18.88 3.64 1.99 

%RSD 5.0% 8.0% 1.8% 

% Deviation from Theoretical -3.3% -9.4% -11.9% 

Table 2.1 Trial 1 Repetitive Measurements of Carius Tube Solution. 

This loss could be caused by several factors including insufficient heating during the 

dissolution process, incomplete dissolution of the Al/Si matrix, incorrect ratio of sample 

to acid in the carius tube, and precipitation during filtration caused by washing with 

distilled water instead of acid. Furthermore, while the concentration of Rh was relatively 
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stable over all ten runs, Pt and Pd generally decreased in concentration, indicating 

possible solution instability. This drift was not attributed to instrumental performance 

due to the high level of stability demonstrated by Ni and Ce over the same set of 

measurements. Also, subsequent to this experiment, the triple standard used to measure 

Pt, Pd and Rh concentrations in SRM 2557 was calibrated against primary standards. 

The concentration of the Rh standard was found 14% too low; thus, after correction trial 1 

rhodium is only 12% from complete dissolution, shown in Table 2.1. The inaccuracy of 

Rh standards is not uncommon, and has been described in detail by Beck et al. (9). All 

subsequent measurements for the analysis of Pt, Pd and Rh include calibration against 

primary standards prior to measurement. 

The initial trial indicated incomplete dissolution at the conditions present in carius 

tubes. Several subsequent trials were undertaken to evaluate the ability of the carius tube 

to dissolve increased sample to acid ratios using carius tubes under higher temperatures 

and pressures. The data for these trials along with the method utilized are included in 

Table 2.2. The table shows the inability of carius tubes to completely solubilize rhodium 

for 5 gram sample sizes for the largest available carius tubes, even under very harsh 

conditions. The discrepancy between the solubility of Pt, Pd and Rh in carius tubes is not 

unexpected due to the complicated chemistry of the noble metals. While Pt and Pd are 

difficult to dissolve, Rh requires even more prolonged heating for dissolution, as 

exemplified by preparation of the Rh primary standard. Iridium, which is also included 



54 

in the group, shows even greater resistance to dissolution. Therefore, incomplete 

dissolution is expected to be a problem for complex samples containing iridium. 

Sample Weight Carius tube Dissolution Procedure 

% Dissolved 

Pt Pd Rh 

5g 

5g 

2g 

l-5g 

SO'C for 72 hours, filtration of precipitate 

240''C for 24 hours, filtration of precipitate 

240°C for 24 hours, filtration of precipitate 

240°C for 16 hours, HF/HCIO4 treatment 

97% 

98% 

101% 

101% 

89% 

98% 

99% 

99% 

88% 

90% 

101% 

100% 

Table 2.2: Dissolution of noble metals in SRM 2557 by various carius tube treatments. 

Table 2.2 also shows the ability of carius tubes to completely solubilize noble 

metals in SRM 2557 when a decrease in sample size is undertaken. For the 2g sample 

size, the SRM sample is completely dissolved to within the error of the measurement for 

Pt, Pd and Rh. In this case, the oxidizing power of the acid is sufficient to dissolve 

matrix elements and Pt, Pd and Rh in the sample. In each of the first three cases, 

undissolved material in the form of a white precipitate (composed of silicates) remains in 

the carius tube. This material is filtered prior to measurement. Based on the possibility 

that small amounts of noble metals could be trapped inside the silicate material, 

HF/HCIO4 treatment has also been examined to remove silicon. Thus, the sample has 
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been completely dissolved. Two sets of samples were examined to evaluate HF 

performance. Group A consisted of sample sizes approximately 4 grams while group B 

consisted of sample sizes approximately 1.5 grams. Each group was dissolved in carius 

tubes as described for Trial 3. At this point, each sample was then placed in teflon 

beakers and treated wath a 90:10 solution of 28 M HF:16 M HNO3 and evaporated. 

Hydrofluoric acid attacks the silica by creating the volatile SiF4, which is removed as a 

gas. The sample was then treated with enough 12 M HCIO4 to cover the sample because 

HCIO4 is higher boiling than HF and thus eliminates residual fluoride in the mixture 

through evaporation. The sample was then heated and evaporated, dissolved in 6M HCl 

and evaporated, and ultimately the sample was redissolved in 6 M HCl and analyzed by 

the method of standard additions using ICP-AES. 

Group A proved to be useless. The large amount of Ca and Mg produced a 

yellow gel when mixed with F", which completely covered the remaining solution and 

prevented HF from evaporating. Group B, made from smaller sample sizes, produced a 

completely dissolved sample without the need for filtering. Results obtained from a 

single run for this trial are included in the bottom of Table 2.2. Also, for trials 3 and 4, a 

decrease from the 20 ppm level for Pt has proven to give lower precision than desired by 

this project. Therefore, large sample sizes are an important consideration in dissolution 

and measurement. Through decreased dilution and concentration through evaporation, 

the 20 |ig/ml target concentration can be achieved with 2g of sample; however, 2 g is the 

least amount of sample which can be dissolved into 35 mis of acid to achieve high 
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precision. It is also the limit of dissoluition for the SRM sample in a single carius tube. 

Based on this data, carius tubes have demonstrated the ability to dissolve SRM converter 

samples to levels necessary for ICP-AES measurements. 

2.4 Dissolution of Fresh Catalytic Converter Sample 

A method for dissolution of the MS-481 catalytic converter sample has also been 

developed based on the results described in the previous section. The initial hope was 

that the fresh catalytic converter sample would be dissolved with only minor changes in 

methodology; however, there are some notable changes in matrix, which have 

significantly affected dissolution. These changes have been measured using the ICP-AES 

system described in chapter 4 (plasma conditions described there) on two replicates per 

sample without confirmation by measurement against primary standards. Concentrations 

for these elements are illustrated in Table 2.3 along with concentrations obtained by 

NIST. Notable changes are found in a four-fold increase in cerium and nickel 

concentrations, a five-fold decrease in iron concentration, and a fifty-fold increase in 

zirconium concentration. 

The fresh catalytic converter sample was dissolved in carius tubes for sample 

sizes of 1.5g, Ig, O.Sg and 0.25g into 35 mis of acid. For the 1.5g and Ig sample sizes, 

incomplete dissolution was achieved, leaving a brown colored solid within the carius 

tube. When applied to smaller sample sizes, O.Sg and 0.25g, this procedure was found to 

completely dissolve the sample and leave a white silicate solid material undissolved in 



Element 

NIST Values 
SRM 2556 SRM 2557 

Measured Values 
SRM 2557 MS 481 

Al 40% 20% 22% 22% 
Ce 1% 1.3% 1.2% 6.90% 
Ni NA 0.5% 0.43% 2.03% 
Fe 0.8% 1.5% 1.4% 0.35% 
Ca 0.1% 0.2% 0.16% 0.10% 
Mg NA 6% 5.8% 5.8% 
La 0.7% 0.07% 0.04% 0.07% 
Zr' 300 ug/g 300 ug/g 300 ug/g 13,810 ug/g 
V NA NA 110 ug/g 120 ug/g 

Mn NA NA 687 ug/g 49 ug/g 
® Zr standard concentration corrected based on SRM 2557 results. 
NA = data not available 

Table 2.3 Matrix Compounds in Each of the Catalytic Converter Samples. 
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the tubes, subsequently treated with HF/HCIO4. Table 2.4 and Table 2.5 illustrate 

average elemental dissolution of four Ig fresh converter replicate samples in carius tubes. 

Incomplete dissolution is determined by comparison of 0.5g carius tube dissolution 

(expected) to Ig carius tube dissolution. Based on the tables, major discrepancies from 

complete carius tube dissolution are found in cerium and zirconium oxides, major 

elements in the washcoat portion of the catalyst, while the cordierite backbone minus 

silicon is shown to be dissolved. 

Since the washcoat is not completely dissolved, metals residing inside the 

washcoat, i.e. E*t, Pd and Rh, do not experience the full oxidizing effect of the acid. As a 

result, only 90% of the Rh in the sample is dissolved when large sample to acid ratio 

dissolution is attempted. Wichers et al. (13) have investigated the dissolution of a 

number of elements by carius tubes with a particular difficulty found in the dissolution of 

zirconium dioxide. However, complete dissolution of CeOj was carried out by Wichers' 

carius tube dissolution. Ce02 dissolution was also repeated by the above catalytic 

converter method and also found to be completely soluble for Ig CeOj per 35 mis of acid. 

Interestingly, the decrease in the ability of carius tubes to dissolve catalytic converter 

samples is nearly proportional to the increase in concentration of Ce and Ni in the sample. 

These contradictory points illustrate complications for the dissolution of catalytic 

converter samples. Elements, which may be soluble in pure form, are not always 

dissolved in this complex matrix. 
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Element Expected Hot Plate Ig Carius Tube 

Mg 5.8% 5.8% 5.8% 

Ni 2.03% 2.02% 2.08% 

A1 22% 21% 21% 

Fe 0.35% 0.32% 0.32% 

Ce 6.9% 2.2% 3.1% 

Ti 0.22% 0.21% 0.24% 

Zr 0.28% 0.06% 0.08% 

Rh 90.2 ^ig/g 83.9 fAg/g 81.0 )j.g/g 

Table 2.4 Incomplete Dissolution of Rh and Matrix Components in MS-481 by Hot 
Plate and Ig Carius Tube Dissolution. Expected is from 0.5g carius tube dissolution. 

Element Hot Plate %Dissolved Carius Tube Ig %Dissolved 

Mg 100% 100% 

Ni 99.5% 102% 

A1 98% 96% 

Fe 91% 91% 

Ce 32% 45% 

Ti 95% 109% 

Zr 21% 29% 

Rh 93% 90% 

Table 2.5 Percent Dissolution for each Matrix Component during above conditions, 
the complex nature of dissolution with carius tubes and especially the complex nature of 
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2.5 Thermodynamic and Kinetic Issues in Carius Tube Dissolution 

Both kinetic and thermodynamic parameters must be considered in the dissolution 

of catalytic converters by carius tubes. First of all, chlorine is an integral part of the 

dissolution process. Inside a carius tube, chlorine is produced for mixtures of HCl and 

HNO3. Chlorine acts as a strong oxidizing agent through the reaction shown below. 

CUCg) + 2e- > 2Cr E°= 1.36 V (2-1) 

Through this reaction, chlorine is able to dissolve most metals, including TiO,. Chlorine 

also provides thermodynamic stability to noble metals through tetrahedral and octahedral 

coordination with chloride ion. As an example, the reduction potential of Pt metal is 

normally 1.12V; however, through coordination with chloride ion, the standard reduction 

potential is reduced to 0.76V. Each of the noble metals is stabilized by a similar reaction 

with chloride ion. 

If thermodjoiamics were the only concem, then carius tubes would not provide 

much of an advantage over hot plate dissolution. Instead, carius tubes yield a high 

pressure, high temperature environment, necessary to overcome kinetic barriers in the 

dissolution of noble metals and difficult samples. In the case of dissolving catalytic 

converters, the sample is heated to approximately 240°C with pressures exceeding 4,000 

lbs/in^. In the example of Rh as a primary standard, the metal is not soluble using aqua 
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regia and a hot plate. Only through a carius tube is rhodium dissolved in a reasonable 

length of time. 

In carius tube dissolution, both kinetics and thermodynamics work together for 

the dissolution of noble metals. For the fresh catalytic converter sample, kinetics are 

important in dissolving the sample, but the carius tube must also have enough oxidation 

potential to effectively dissolve the entire sample. This idea is exemplified by comparing 

dissolution with and without carius tubes. For this experiment, four 1-g samples of fresh 

converter were refluxed for 16 hours in 50 mis of 5:1 HChHNOj, followed by treatment 

with HF/HCIO4 as done previously with carius tubes. The results for hot plate dissolution 

are also illustrated in Table 2.4 and Table 2.5. A comparison of the two methods shows 

little difference in dissolution of the various elements; thus, a need for more oxidation 

potential results in a lack of dissolution in both cases. Studies on smaller sample sizes by 

NIST have indicated that Pt and Pd are almost completely dissolved using a hot plate, 

while Rh is about 1-2% below expected concentration (61). For hot plate dissolution, 

kinetics are thought to limit the attack of the acid on cerium and zirconium; thus, noble 

metals in the cerium washcoat, particularly Rh, are not completely attacked by the acid 

and remain in the solid. 

Based on this discussion, several points have been realized about the dissolution 

by carius tubes. First, hot plate dissolution has proven insufficient for complete 

dissolution of catalytic converters when high precision is demanded. Second, while 

carius tubes have demonstrated the ability to dissolve some catalytic converter samples. 
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dissolution is limited by the concentration of cerium and zirconium in the matrix. Since 

changes in catalytic converter manufacture over the past ten years have included increases 

in the concentration of cerium and zirconium, dissolution of newer converters will be 

more difficult than "older" converters. This is exemplified by the difficulties realized in 

dissolving the fi-esh converter compared to the SRM samples based on early generation 

converters. Third, while dissolution has focused on catalytic converters, other samples 

with high concentrations of lathanides, such as monazite rocks, which typically have 

CeOj abundances of 40% or higher (62), should also realize difficulties in carius tube 

dissolution. Since carius tubes are typically used for the analysis of osmium, Os-Re 

dating should realize similar dissolution problems. Last, to achieve a sufficient 

concentration of noble metals for ICP-AES analysis of catalytic converters, modifications 

in the dissolution method are required. Two options are available. Multiple 0.5g carius 

tube samples can be dissolved, combined and concentrated or the oxidation potential of 

the carius tube can somehow be increased. The combination of multiple tubes is used in 

Chapter 4 to achieve the necessary noble metal concentration. Additionally, use of ferric 

chloride has also been investigated as a method of increasing the oxidation potential of 

carius tubes for dissolution. 

2.6 Ferric Chloride Dissolution of Catalytic Converter Samples 

An enhanced method of carius tube dissolution has been evaluated, which entails 

the addition of ferric chloride. For the newer catalytic converter material, sample 
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dissolution is limited by high concentrations of matrix elements such as cerium and 

zirconium. The presence of these elements quickly uses up the oxidizing power of the 

acid mixture. Thus, the sample is only partially dissolved for higher sample to acid 

ratios. Ferric chloride, an oxidant specifically targeted for noble metals in dry 

chlorination reactions, was investigated as a means for enhancing the oxidizing power of 

the acid mixture. For this study, one gram of FeClj was added to the acid mixture prior to 

dissolving one gram of sample in a carius tube. Elemental concentration has been 

measured through atomic emission as described in section 2.4. 

The addition of Ig of FeClj to the dissolution of Ig of fresh sample was found to 

dramatically increase dissolution ability, as illustrated in Table 2.6 and Table 2.7. 

Comparison is made to a Ig carius tube sample, dissolved at the same time as the sample 

containing ferric chloride. In this case, the dissolution of rhodium is increased from 90% 

to complete dissolution while base metals such as cerium and zirconium are also brought 

to levels near complete dissolution. Deviations from 100% are caused by interferences 

occurring with the atomic line (Ce and Ti) or in the background (Ni and Zr) as 

determined with ICP-AES. The major disadvantage to the addition of ferric chloride is 

the presence of increased interference from iron lines. Specifically, with a standard 

resolution IRIS spectrometer viable Pd wavelengths are not sufficientiy resolved from 

iron wavelengths in catalytic converter analysis, significantiy degrading precision 

(illustrated in Chapter 4). However, this disadvantage is overcome with a new, high 
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Element Expected Ig Carius Tube Ig Carius Tube (FeClj) 

Mg 5.8% 5.8% 5.9% 

Ni 2.03 2.08% 1.88% 

A1 22% 21% 22% 

Ce 6.9% 3.1% 7.9% 

Ti 0.22% 0.24% 0.24% 

Zr 0.28% 0.08% 0.25% 

Rh 90.2 ng/g 81.0 ng/g 91.0 ng/g 

Table 2.6 Carius Tube Dissolution with the addition of FeCl3. 

Element Ig Carius Tube Ig Carius Tube (FeCy 

Mg 100% 102% 

Ni 102% 93% 

A1 96% 100% 

Ce 45% 114% 

Ti 109% 109% 

Zr 29% 89% 

Rh 90% 101% 

Table 2.7 Elemental Comparison using Carius Tube Dissolution with the Addition of 
FeClj. 
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resolution ICP-AES system, where Pd 248.6 nm is resolved from iron, enabling Pd 

analysis in the presence of a high concentration of iron. 

The question arises as to how does ferric chloride increase the dissolution ability 

of carius tubes. Ferric chloride is a strong oxidation agent with redox potentials 

specifically favoring the dissolution of Rh and Pd through the interconversion of Fe(III) 

and Fe(II). Cerium is also affected by the same redox couple for the conversion 

Fe^"(aq) + e- > Fe^"(aq) E° = 0.771V (2-2) 

of Ce(lII) to Ce(IV) and for the dissolution of cerium and ceriimi oxide. In both of these 

cases, ferric chloride acts as a redox agent and increases oxidation through 

thermodynamics. However, thermodynamics are not the only possibility. Ferric chloride 

also contains chloride ion, which is also a key component in dissolution. If FeClj is able 

to increase the rate of CI' reaction with noble metals, dissolution would also increase. 

Nevertheless, the most likely explanation for increased dissolution lies in a combination 

of kinetic and thermodynamic factors. Carius tubes provide kinetic factors to overcome 

activation barriers preventing dissolution under atmospheric conditions; however, 

insufficient oxidizing power is present from the acid to dissolve all components. The 

addition of ferric chloride provides a second source of oxidation and allows the carius 

tube to completely attack the sample for larger sample to acid ratios. 
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The action of ferric chloride is further demonstrated by examining hot plate 

dissolution with the oxidant. As described earlier, hot plate dissolution does not 

completely dissolve some of the base metals, particularly cerium oxide, and platinum 

group metals. Eight 1 g samples of MS-481 were examined by hot plate dissolution; four 

with the addition of Ig of FeCl3 and four without. The samples were refluxed in 5:1 

HC1:HN03 overnight with one sample set treated with HF/HCIO4, while the others were 

filtered. The results are shown in Tables 2.8 and 2.9. 

For the most part, base metal dissolution remains the same as without ferric 

chloride; however, rhodium tells a different story. The hot plate method erratically 

dissolves Rh, averaging approximately 7% incomplete dissolution. The addition of FeClj 

reduces the variability and increases the average amount of Rh dissolved to less than 2% 

incomplete dissolution. In this case, FeClj also acts to increase the oxidation ability of 

the acid mixture, and thus the solubility of rhodium in the solution. However, in contrast 

to ferric chloride carius tube dissolution, the acid incompletely dissolves base metals such 

as cerium and zirconium, and rhodium is only 98% dissolved. Therefore, the major effect 

of ferric chloride is thought to be a thermodynamic effect on metals in solution. 

Furthermore, alternate oxidizing agents could also aid in the carius tube dissolution of 

metals in catalytic converters. Sodium perchlorate is typically used as the oxidant in 

carius tube dissolution of iridium samples. However, in most cases, these oxidizers are 

not specific for noble metals, and should not have the type of hot plate dissolution 

increase as exhibited by ferric chloride. 
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Element Hot Plate (no FeClj) Hot Plate (FeCy 

Mg 100% 103% 

Ni 99.5% 94% 

A1 98% 101% 

Ce 32% 34% 

Ti 95% 91% 

Zr 21% 30% 

Table 2.8 Dissolution of Base Metals using FeCl3. 

Sample Hot Plate (no FeClj) Hot Plate (FeClj) 

f 80.6 89.5 

2 86.1 87.4 

3 78.5 89.6 

4 90.2 87.0 

Average 83.9 88.4 

Table 2.9 Concentration of Elh in |ig/g during Hot Plate Dissolution with and without 
the Addition of FeC^. 

Sample set 1 was treated with HF/HCIO^. 
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2.7 Fusion of Catalytic Converters 

Alternate dissolution techniques have been used to attack noble metals and 

specifically catalytic converter samples. Borisov was able to dissolve converters using 

microwave digestion (63). However, small sample sizes (> 0.2 g) were used in the 

technique and only low precision was desired in analyzing the data. NIST has shown that 

hot plate dissolution would work equally well under these conditions if high precision 

were not desired (61). Potter and Lange have used an H2SO4-H3PO4 dissolution mixture 

followed by fusion and Te precipitation (64). Their procedure has proven to 

work well for Ft and Pd, but Rh analysis must be performed by graphite furnace because 

of its low concentration. Dissolution with the H2SO4-H3PO4 procedure entails a long 

process but it does show that fusion can be used to some extent in the dissolution of 

catalytic converters. 

Two different types of fiision were attempted in our laboratory to dissolve 

catalytic converter standard samples with the goal of dissolving large sample sizes. The 

first was a NaOH - Na202 fiision. Two replicates of approximately 0.6g of SRM 2557 

were mixed with 4 g of NaOH and 2g of Na202 and heated to 770°C for 2 hours. The 

fused material was then dissolved in 100 mis of H2O. Results for Pt group metals were 

low, particularly for Rh, which indicates incomplete dissolution. Also, a reddish brown 

precipitate was observed in the standard addition samples, indicating insoluble hydroxide 

formation. The second method involved NaC03 f^ion of the sample. Cordierite, 2MgO 

•2Al203*5Si02, the base material of the converter, is particularly susceptible to this type 
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of fusion. Approximately 0.3 g of SRM 2557 is fused with 3 g of the flux in a Zr crucible 

at 800° C for 2 hours. Two problems occurred with the fusion. First, the fusion 

temperature was very close to the melting point of the crucible, resulting in a warped 

crucible. Second, the fused material was insoluble in both water and dilute HCl. Based 

on the difficulties of catalytic converters and generally with Pt group metals, fusion was 

determined to be an inadequate replacement for carius tube chlorination. 

2.8 Conclusions on Catalytic Converter Dissolution 

Dissolution of catalytic converters and specifically noble metals is a very difficult 

and complex undertaking. Dissolution must encompass three distinct groups of 

materials: the ceramic support matrix, primary active metals, i.e. Pt, Pd and Rh, and 

additional metals, which act as stabilizers, prevent sintering, regulate oxygen storage, and 

influence catalytic activity. While some of these metals are readily dissolved in aqua 

regia or other acid mixtures, rare earth oxides, zirconium oxide, and noble metals have 

proven problematic for dissolution by conventional methodology. Deviation from 

complete sample solubility results in incomplete dissolution of analyte metals such as 

rhodium and poor accuracy in analyses where high precision and accuracy are demanded. 

Carius tubes have demonstrated the ability to dissolve all three components of 

catalytic converters on a small scale. However, complete dissolution of increased sample 

sizes, as needed for high precision ICP-AES analysis, has at times been hindered by 

insufficient oxidation potential of the acid. As a result, the concentration of cerium and 
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zirconium in a catalytic converter sample significantly affect the dissolution of noble 

metals, particularly rhodium. The NIST SRM samples, containing cerium at 1% levels, 

can be dissolved for samples up to 2g in size using the largest carius tubes and 35 mis of 

acid, a level that is just sufficient for high precision analysis. The corresponding increase 

in cerium concentration in the fresh catalytic converter has resulted in incomplete 

dissolution for sample sizes above 0.5g. Using this method, multiple sample dissolutions 

must be combined for quantitation of noble metals. 

A method for increasing the dissolution capacity of carius tubes through the 

addition of ferric chloride has also been demonstrated. Through similar oxidation 

potentials, FeCl3 has thermodynamically increased the dissolution of Pd and Rh in 

catalytic converters. A further effect has been shown in the dissolution of base metals, 

resulting in complete dissolution of higher proportions of the fresh catalytic converter 

sample in carius tubes. 

Hot plate dissolution also realizes a significant increase in rhodium solubility 

through the application of ferric chloride. However, Rh dissolution is still not complete. 

Therefore, hot plate - ferric chloride dissolution is not sufficient for high precision 

analysis. Instead, this technique is viewed as a bulk scale recovery technique for spent 

catalytic converters, which have typical Rh recovery of approximately 85-90% (65). The 

addition of FeClj should increase Rh recovery to about 98%, increasing the profitability 

of the reclaiming process. Also, while the effect of ferric chloride has attributed to 

thermodynamic considerations, kinetic effects from FeClj cannot be eliminated as a 
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possibility. In the future, electrochemical measurements could be attempted in this 

complex solution to prove production of Fe(II) in solution. 

While this chapter has focused on the dissolution of catalytic converters, carius 

tubes and the addition of ferric chloride is applicable to a wide range of catalyst samples. 

Catalyst materials are developed with a variety of inorganic supports: alumina, silica, 

ceria, glasses, clays, and zeolites, typically based on limited reactivity and thermal 

stability. The support material and additives such as rare earth oxides, titanium dioxide 

and zirconium dioxide have a striking similarity to the catalytic converter matrix. 

Dissolution of these materials should also be limited by the concentration of matrix 

components while addition of ferric chloride would increase the oxidation ability of the 

carius tube and increase dissolution capacity. 

While ferric chloride has proven an excellent oxidizer for noble metals, the 

oxidant in each case could be tailored based on the active metal of the catalyst. For 

petroleum processing where Pt and Re are main catalysts, sodium perchlorate could be 

used to specifically enhance rhenium dissolution. The presence of rare earth metals to fill 

acid sites in zeolyte also mimics problems found in catalytic converter dissolution. 

Additionally, the application of these dissolution procedures is not limited to catalyst 

samples. Geological samples often contain high concentrations of rare earth oxides. 

Analysis of noble metals can be geologically important, specifically involving the 

measurement of osmium. Large proportions of sample are required for dissolution due to 

the low concentration of Os, typically present in a sample. Carius tubes combined with 
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ferric chloride should provide complete dissolution of the sample and conversion of 

osmium to the highest oxidation state. 
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Chapter 3 Precision and Noise in a CID based ICP-AES system 

As discussed in Chapter 1, the development of CTDs has revolutionized atomic 

emission spectroscopy. Multichaimel detection has resulted in multielement capabilities, 

which significantly increase speed and flexibility in ICP atomic emission spectroscopy 

(ICP-AES). As previously stated, single channel atomic emission detection is limited by 

background flicker noise. Simultaneous background correction, resulting from 

simultaneous collection of analyte wavelengths and background wavelengths inherent to 

CTD detection, eliminates background flicker noise from ICP analysis. Furthermore, 

simultaneous collection of analyte wavelengths eliminates analyte flicker noise for the 

ratio of analyte and intemal standard wavelengths. Thus, CTD detection has significantly 

altered underlying assumptions in some traditional SNR models based on PMT 

technology. This chapter will focus on developing new models, which account for these 

changes, and comparing these models to single-channel detection to realize the true limits 

for ICP analysis with CTD detection. 

3.1 Theory of Noise in Multichannel ICP-AES 

At or near the detection limit, there are three basic sources of noise for ICP-AES: 

detector noise, background shot noise, and background flicker noise. Figure 3.1 shows 

the function of each of these types of noise when comparing signal to noise ratio (SNR) 

vs. integration time or spectrometer throughput. From the graphs, it is obvious that 
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Figure 3.1 Sources of Noise in ICP and their effects on SNR. 
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flicker noise limited signal caimot be improved by either changing integration time, 

increasing spectrometer throughput, or by siramiing data from multiple scans. Therefore, 

ICP-AES using single chaimel detection has a threshold dictated by flicker noise, which 

limits sensitivity in the system. 

For ICP-AES, background noise is typically substantial enough such that 

background flicker and background shot noise are the limiting factors in ICP-AES. 

However, for CID based systems, detector readout noise can have an effect on the total 

noise in the system. Read noise for the CID 38 has been measured at between 180-200 e-

for a single read (55,66). This value can be improved with multiple nondestructive 

readouts, and a value of 18 e- for 100 rereads is generally accepted as the read noise. 

Dark current, on the other hand, has been measured at less than 1 e- for a 30-second 

exposure (55) and is considered insignificant compared to the read noise of the CID. 

Noise for ICP systems is evaluated by the relative standard deviation in the background 

(RSDB). Boumans (60,67) has shown for a PMT system that RSDB can be calculated 

using the following equation: 

RSDB = (a32 + gp/x3 + Y/Xb2)1/2 (3.1) 

Where is the flicker factor, gP are gain parameters for the PMT, x^ is the photon flux, 

and Y is detector noise for the system. With the use of a lock-in-amplifier and modem 

optics, detector noise is reduced such that the y term can be eliminated from equation (3-
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1). In converting this equation for use with CTDs, three changes must be kept in mind: 

CTDs are integrating detectors, the gp in the shot noise arises from PMT gain, and the 

detector noise is composed of both read noise and dark current. Ivaldi et al. (68) have 

accounted for these changes in describing an equation for the segmented array CCD 

(SCD), written in a slightly different form, as follows: 

RSDB = (ttg- + I/Z3T + 5/(ZbT)')'/' (3-2) 

Where ttg is the same, Zg is the time-dependent background spectral flux, r is the 

integration time, and 5 is the detector noise composed of both read and shot noise. This 

generic equation is viable for the CID as well and can be vastly simplified by 

incorporating specifics in readout for the CID. 

Figure 3.2 shows the normal readout of the CID for atomic emission. The vast 

majority of light (90-95%) is collected in a 3x3 pixel array at the center of the subarray. 

Both signal and background are collected and averaged from this 3x3 array. Off-peak 

background subtraction is performed with the average from 1 x3 arrays on both sides of 

the 3x3 array. By collecting background (B) and background + signal (B+S) over exactly 

the same time period, background flicker noise will be the same for both areas and 

background subtraction virtually eliminates it from equation (3-2). Background shot 

noise is collected from 15 pixels, 9 at the center subarray and 6 at background subarrays. 

Dark current, as described earlier, does not affect total detector noise, which is derived 
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from 30 reads (15 described above and 15 bias measurements). Using the fact that total 

noise is equal to the sum of the squares of the individual components of noise similar to 

CTD equations derived by Hanley et al. (53), the resulting equation is then as follows: 

RSDB = ( IS/ZgT + 30ct2/(Z3T)2)'/2 (3.3) 

Where is the read noise of the CID at 18 e* for 100 rereads and Zg is the average 

spectral background flux in e-/pix/sec. While this equation is fundamentally correct, 

measured RSDB is slightly different. Equation (3-3) is predicated on the assumption that 

a different bias is taken for each measurement. Since the same bias subarray picture is 

used for each measurement, read noise in the measurement of the bias acts as a constant 

and will not affect the standard deviation or subsequently the measured RSDB. Also, the 

CID controller is programmed such that the number of reads performed by the CID is 

optimized for reduced measurement time; therefore, CID read noise is variable depending 

on the signal measured. The number of rereads is determined by setting the shot noise 

equal to three times the read noise in a pixel. The consequence of this readout scheme is 

that the read noise is a variable, but when above 20 e*, it will always be lower than the 

backgroimd shot noise for the system. Figure 3.3 illustrates the effect of variable read 

noise on total system noise. As a result, once a threshold of44,000 e- is reached, the total 

contribution of read noise is 3-5% of the background shot noise. These changes are then 

incorporated into equation (3-3), as follows: 
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Figure 3.3 Change in Total Noise with Variable Rereads as a Function of Background Intensity. 
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RSDB 
^ ISz^r -K I5g-;(var) 

9z^T (3-4)  

where RSDB (meas) is the actual measured RSDB and (var) is variable read noise 

determined by the signal measured. At the threshold of44,000 e-, RSDB is effectively 

shot noise limited with only an insignificant contribution from read noise, meaning that 

RSDB reduces to an equation, which is proportional to 

The RSDB of the system has a direct effect on other system parameters, 

specifically detection limits. Boumans (67) has shown that RSDB is directly related to 

detection limit by the following equation: 

Where Cl is the detection limit, k sets the desired confidence interval (either 2 or 3a), and 

BEC is the background equivalent concentration. Since Cl is proportional to RSDB, 

RSDB equations, such as equation (3-4), can be used to relate detection limit to 

individual noise sources. 

k * RSDB * BEC (3-5) 

Cl OC (15zgX+ 15<Tr(var)^)'^-/9zQt (3-6) 
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Under background shot noise limited conditions, equation (3-6) reduces to c^ being 

proportional to Therefore, a plot of Cl versus should be linear. 

Precision is limited by a different set of conditions. At concentrations well above 

the detection limit, noise is usually signal shot or signal flicker noise limited. Also, the 

time dependence of the signal is critical. As such, the time-dependent signal can be 

considered a combination of signal, system drift, and noise, as follows; 

S(t) = S(true) [1 + f(t) + f(t)] + cy(t) (3-7) 

Where S(t) is the time-dependent signal, S(true) is the analyte signal produced by the 

source, f(t) is fluctuation due to system drift, f (t) is fluctuation due to other sources, and 

a(t) is noise. Use of internal standards should eliminate normal system drift and signal 

flicker noise as described by Myers and Tracy (69); therefore, S(t) should be limited by 

analyte shot noise found in the combination of two signals (internal standard + analyte). 

3.2 Instrumental Parameters and Operating Conditions 

The spectrometer is setup similar to the one described by Pilon et al. (42) except a 

larger CID 38 (512 x 512 array of 28|i x 28|j. pixels) cooled to -80°C was used as the 

detector. The ICP torch was manufactured by Thermo Jarrell Ash. For this system, a 

series of ^5 lenses focus the light from the ICP onto the 53 micron pinhole of an echelle 

spectrometer. Both lenses are on translation stages specifically aligned with a He:Ne 
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laser and set for optimum throughput at 254 nm based on chromatic aberration. 

Spectrometer dimensions and ICP operating conditions are included in Table 3.1. The 

spectrometer utilizes a 54.3 lines/mm grating at a blaze angle of 45.5° and is cross-

dispersed by a CaF, prism, resulting in a resolution of 0.0109 @ 200 nm. Alignment for 

the spectrometer was performed following the method of Pilon (70) and is periodically 

checked by determining the position of the Hg 254 line on the chip. The spectrometer is 

on an optical table to prevent movement and is heated to 90° F to achieve a constant 

temperature. Subsequent Hg 254 nm measurements indicate no spectral movement over 

a period of several months. Solution was introduced into the ICP using a Meinhard 

concentric nebulizer at 30 psi and 1.6 mls/min. All solutions were produced from 1000 n 

g/ml stock solutions of either pure metal or spectroscopic grade salt. Dilutions were 

made with 5% w/w HNO3 acid developed from 18 MQ HjO. 

3.3 Measurement of RSDB and Confirmation of Theory 

3.3.1 Experimental 

To accurately determine the validity of our model, both Zg, the time-dependent 

background spectral flux, and RSDB must be accurately measured. For accurate 

determination of RSDB, at least 20 individual measurements of the backgroimd should be 

made (60,67). The standard deviation of these measurements is then recorded as the total 

noise. With our system, measurements were made at 15 different atomic lines at a variety 

of integration times to determine the RSDB at 120 different background levels. The 
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Echelle Feature Measurement 

Grating Blaze Angle 45.5° 

Grating Groove Density 54.3 1/mm 

Prism Angle 17.5° 

Spectrometer Resolution (X/AA.) 18300 

Resolution AX. @ 200 nm 0.0109 nm 

Wavelength coverage 190nm - 800 nm 

CID 38 Dimensions 

Device size 512 X 512 pixels 

Pixel area 28 X 28 (I 

Full Well Capacity 1.04 *10^ e-

Read noise '180 e-

ICP System Parameter Normal Operation 

Torch Power 1150 Watts 

Auxiliary Ar flow 0.5 L/min 

Nebulizer Ar flow 30.06 psi 

Nebulizer Meinhard Concentric or TJA crossflow 

Pump Speed 100 rpm 

Sample Uptake 1.6 mls/min 

Table 3.1 Echelle Spectrometer and ICP Operating Conditions 

^ Read noise is a function of both gain parameter and # of rereads as described later. 
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standard deviation for each intensity level was calculated from 50 different measurements 

of the background while performing simultaneous background subtraction. For each of 

the 15 different wavelengths, intensity was measured without a background subtraction at 

each integration time to determine the background flux (Zg). The slope of a plot of 

background intensity vs. integration time yielded Zq in cnts/sec. Background intensity 

(B) for each point was calculated by multiplying background flux with integration time, 

and RSDB was then determined by dividing the standard deviation of the background by 

the total background intensity. 

Detection limits were calculated for each integration time by measuring 

background subtracted intensity at the Ca 317.9 nm and Fe 238.2 nm wavelengths. The 

standard deviation of 4 measurements was used as a. Signal intensity was then measured 

for a 1 ppm solution of Ca at Ca 317.9 nm and a 1 ppm solution of Fe, after which Cl was 

measured using 3cy/slope. Measurements were then compared to theoretical equations 

derived as equations 3-5 and 3-6. 

3.3.2 RSDB Results and Discussion 

The background flux, Zg, was determined for the various atomic wavelengths^ 

shown in Table 3.2. RSDB was measured at 120 different background levels based on 

the background photon flux, integration time, and measured^ background noise. Figure 

3.4 shows a log-log plot of measured RSDB versus background intensity in e-. The 

^ Multiple orders of the same wavelength are measured for Na 330.2 mn and Pb 220.3 nm. 
2 e- rather than e-/sec were used to evaluate the effect of integration time. 
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Atomic Line Background (cnts/pbc/sec) Background (e-/pix/sec) 

Ca 373.6 nm 10.85 1471 

Fe 371.9 nm 14.26 1934 

Cr 357.8 nm 11.39 1544 

Na 330.2 nm 8.45 1146 

Na 330.2 nm 8.07 1094 

Ca 317.9 nm 8.44 1144 

Cr 267.7 nm 1.85 251 

Fe 259.8 nm 1.93 262 

Fe 240.4 nm 1.22 165 

Fe 238.2 nm 1.17 159 

Pb 220.3 nm 0.625 84.8 

Pb 220.3 nm 0.599 81.2 

Zn 213.8 nm 0.736 99.8 

Zn 206.2 nm 0.417 56.5 

Zn 202.5 nm 0.468 63.5 

Table 3.2 Background signal for selected atomic lines. 
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experimentally determined RSDB values are boxed, while the solid line indicates 

theoretically derived values using equation (3-4). As illustrated in the plot, experimental 

values fit the theoretical plot exceedingly well with only slight deviations due to random 

error. The absence of flicker noise from the plot leads to a linear relationship in the log-

log plot at higher background fluxes as opposed to the plateau effect detectable in flicker 

noise limited situations. 

The CID based ICP system provides a distinct advantage at high background 

photon fluxes compared to systems without simultaneous background correction. Figure 

3.5 compares RSDB in the CID system to both the theoretical shot noise limit and PMT-

based flicker noise limited systems. At early stages in Figure 3.5, a portion of the noise 

observed with the CID system can be attributed to read noise. This results in RSDBs 

worse than PMT-single charmel systems. As the background level is increased, the CID 

system becomes equivalent to and ultimately superior to the PMT-based flicker noise 

limited systems. At 43,740 e*, the RSDB for the CID ICP is only 5% from the theoretical 

shot noise limit. At this point, flicker noise would nomially have a significant effect on 

RSDB and eventually plateau at the relative flicker noise limit (shown here as 0.7%). In 

the CID system, RSDB will decrease parallel to the theoretical shot noise limit, 

maintaining a 3-5 % deviation caused by variable read noise. For a 60 second exposure, 

even the lowest wavelength evaluated here, Zn 202.5 nm, has a total background signal of 

34, 370 e-, only a 7% deviation from the theoretical shot noise limit. For current 

commercial instruments, the background signal is approximately 5 times the amount seen 
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on this instrument, due to improvements in optics and larger entrance apertures. On the 

whole, RSDB's for wavelengths above 190 nm using 60 sec integration times should be 

background shot noise limited for CID based systems^. Segmented array CCD systems 

have also shown background shot noise limited results (68). 

Since detection limits are a function of RSDB, a plateau in RSDB caused by 

flicker noise would result in minimum achievable detection limits for the system, as 

shown by the PMT system in Figure 3.5. For the CID system, RSDB is either read noise 

limited, background shot noise limited, or a combination of the two. As a result, 

detection limits are inversely proportional to the integration time (l/x) for the read noise 

limit or to the square root of the integration time for the shot noise limit or a 

combination of the two. In none of the cases do detection limits plateau at a particular 

value as described by flicker noise. 

Figure 3.6 (a) and (b) illustrate the effect of integration time on detection limits 

for Ca 317.9 nm. Due to the high background intensity for this wavelength, detection 

limits are almost completely dominated by shot noise, even for integration times as short 

as I sec. Thus, a plot of detection limit (cj vs. integration time (t) should yield an 

exponential curve, while c^ plotted against should yield a straight line, as described 

by equations (4-4) and (4-5). Plots of detection limits for other high wavelength lines 

yield similar results. Combinations of read and shot noise limit shorter wavelength lines 

with lower spectral throughput. An example is illustrated in Figure 3.7 for detection of 

^ Wavelengths below 190 nm have were not evaluated with this system. 
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Fe 238.2 nm, which has a photon flux of 159 e-/pix/sec. The solid line in the figure 

indicates the shot noise limit for this line. As expected, read noise has the most effect on 

the detection limit for short integration times (increasing Under conditions in which 

read noise is a major contributor to noise, detection limits will deviate strongly from the 

theoretical shot noise limit as illustrated by the shortest integration times on the right side 

of the plot (t = 3 and 5 sec). The dashed line in Figure 3.7 is derived from equations (3-

4) and (3-6) with experimental data indicated by the solid boxes. As illustrated, 

experimental data fits well to the derived equations predicting noise in this system. For 

long integration times, the shot noise limit and predicted values will merge except for the 

variable read noise effect. 

3.4 Measurement and Enhancement of Precision 

3.4.1 Experimental 

While simultaneous collection of signal and background has resulted in improved 

signal to noise, time correlation in collecting internal standard wavelengths and analyte 

wavelengths should improve precision. Emission wavelengths of zinc, nickel and iron 

were measured at regular intervals in time during nebulization of a 50 ppm solution of Fe, 

Ni, and Zn. Intensities were measured using normal mode of operation, a 3 x 3 center 

subarray and background subtraction, for each wavelength examined. To avoid the 

difficulty of selecting internal standard wavelengths, lines from the same element were 

used to evaluate precision. While using a ratio of lines from the same element is not 
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practical for quantitation, it nevertheless provides an ideal basis for internal standard 

correction. Measurements were performed at intervals of approximately 5 minutes over 

extended periods of time. Measurements consisted of four 30 second exposures of a 3 x 3 

subarray, with the total subarray measured significantly above 1x10^ e-, such that the 

relative shot noise is less than 0.1% for each wavelength. Multiple orders of the same 

line were also measured to evaluate the stability of these ratios over time. 

Measurements of intensity ratios in the above section resulted in lower precision 

than theoretically predicted. To deduce the cause of imprecision within our system, an 

experiment was designed to measure the intensity fluctuation within each subset of 

pixels. Figure 3.8 describes this arrangement along the wavelength axis. Each grouping 

of A,B, and so forth consists of a 1 x 3 set of pixels, as indicated on the wavelength axis. 

Based on the relative fluctuation of individual subarrays, sources of imprecision can be 

determined and evaluated. Also, by summing the individual subsets, a comparison of 

precision can be made from the same data set for 3 x 3 and 3x5 center pixel groups. 

Results from the ratio of emission wavelengths have indicated a strong 

dependence on the position of wavelengths along the detector axis. The final experiment 

measured Co 238.8 run vs. Ni 231.6 nm to compare the effect of internal standards 

employing two different elements well matched along the wavelength axis. Intensities 

were measured as described above for Fe, Ni, and Zn with intermittent breaks in time, 

and show improved precision. 
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3.4.2 Precision Results and Discussion 

The ICP-CID system was evaluated for short and long term precision based on the 

fluctuation and drift of the 50 ppm solution described previously. Source flicker noise 

caused by fluctiaation in the nebulizer and power supply was initially thought to be the 

major source of intensity fluctuation for single line measurements. With properly 

selected internal standard wavelengths, source flicker noise should be significantly 

reduced. Source shot noise should therefore be the limiting factor in achieving high 

precision. At the full well capacity of 1.04 * 10^ e-, photon shot noise from each CID 

pixel would be approximately 0.1% of the signal intensity. Using nine pixels and signal 

knockdown, a larger signal can be measured with lower relative noise. Therefore, under 

shot noise limited conditions, precision of better than 0.1% RSD should be attainable 

with the CID system and internal standard correction. 

Intensity ratios for various wavelengths of Fe, Ni, and Zn were measured at 

discrete time intervals. Figure 3.9 (a) represents the intensity ratio fluctuation for the Fe 

238.2 nm / Fe 240.5 nm. Two orders were present for each line, resulting in four 

intensity ratio pairs. As can be seen, a distinct pattern in the signal fluctuation in the time 

axis is detectable. In general, this intensity fluctuation might normally be attributed to 

nebulizer drift, noise, or power fluctuations; however, time correlation and an intensity 

ratio fluctuation in the same wavelength line measured in multiple orders indicate the 

presence of other factors influencing precision. Examination of two orders of the same 

wavelength should cancel any fluctuation caused by the source or nebulizer. Figure 3.9 
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(b) illustrates the fluctuation of the ratio of multiple orders of the same wavelength. 

Similar patterns can be seen across the time axis for iron intensity ratios. Table 3.3 gives 

the %RSD over 7 hours for each wavelength examined. If only shot noise were present, 

%RSDs should be < 0.1% in all cases. Based on these measurements, the major 

limitation in precision is not shot noise, but rather a distinct fluctuation pattern in time. 

The source of this fluctuation is independent of the ICP, as different fluctuations occur 

from identical wavelengths over the same time period. Also, the magnitude of the 

fluctuation is different for each wavelength but is independent of its intensity. As an 

example from Table 3.3, Zn 202.6 nm has three orders producing three distinct ratios. 

The ratio of one pair produces an RSD of 0.15%, while the other two pairs achieve 

%RSDs near 1%. Fe 240.5 nm has an RSD of 1.6%, while Fe 259.9 nm has an RSD of 

0.42%. Also, the same type of pattern fluctuation limiting the use of internal standards is 

apparent whether atomic wavelengths are identical, are from the same element, or are 

from two different elements. 

The root cause of this fluctuation can be determined by examining individual 

subsets of pixels within a subarray, as described in Figure 3.8. There are four types of 

expected signal fluctuation based on the type of drift influencing the system. A 

fluctuation, which effects pixels ABCDE as a unit, is caused by changes in source power 

or nebulization. ACE and BD subarrays each fluctuating as a unit indicates detector 

amplifier effects. If each 1x3 subarray fluctuates randomly, then shot noise dominates 

detection. Fluctuation in a mirrored fashion, i.e. pairs of subarrays [A paired against E, B 
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Wavelength Intensity of Weakest Order (*10' e-) %RSD 

Fe 238.2 nm 8.0 1.12% 

Fe 240.5 nm 4.3 1.57% 

Fe 259.8 nm 5.4 0.62% 

Fe 259.9 nm 15.2 0.42% 

Ni 221.6 nm 1.6 0.67% 

Ni 231.6 nm 1.9 2.01% 

Ni 232.0 nm 1.6 0.81% 

Zn 202.6 nm a/b 1.8 1.03% 

Zn 202.6 nm a/c 0.8 0.15% 

Zn 202.6 nm b/c 0.8 0.94% 

Zn 206.2 nm 3.1 1.60% 

Zn 213.8 nm a/b 1.0 0.78% 

Zn 213.8 nm a/c 3.8 0.32% 

Zn 213.8 nm b/c 1.0 0.86% 

a,b,c represent different orders of the same line when 3 orders are present. 

Table 3.3 Precision using ratios of two different orders of the same wavelength. 
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paired against D] fluctuate in opposite directions, indicates changes in wavelength 

position along the detector, as illustrated in Figure 3.10. 

In the echelle, each wavelength is centered based on the dispersion of the 

spectrometer, the order collected and the exact wavelength of emission. For Figure 3.10, 

order 109 is centered near the middle of pixel array C; thus, pixel sets B and D as well as 

A and E are paired opposites. After approximately 33 minutes, wavelength position has 

moved slightly to the right; thus increasing intensity in subarray E while decreasing 

intensity in subarray A. Order 110 of the same wavelength (Figure 3.11), however, is 

positioned between pixels C and D; thus C and D are paired opposites for the starting 

position of this order. While the wavelength position has moved in a similar fashion, 

different 1x3 subarrays are affected. The change in center positioning, therefore, causes 

the 3x3 array produced from each order to be affected differently by a small movement in 

wavelength, resulting in fluctuation for intensity ratios. All wavelengths exhibited 

fluctuation based on movement of the wavelength position. 

Most of the fluctuation occurs at the subarrays designated A and E on the outer 

edges of the wavelength axis. These subarrays occur on sloping portions of the position-

intensity axis; thus, small movements result in large fluctuations (as much as 40% of the 

original intensity). These subarrays account for approximately 5% of the total intensity 

due to a particular wavelength. Based on the fluctuation seen in the outer pixels, a 

corresponding drift of 1-2% in intensity would then be expected over time. 

There are also two other factors to consider. First, Hg lines from a pen lamp were 
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located at the same pixel position during the time span of one month. The type of 

movement seen in Figure 3.10 and Figure 3.11 can explain the lack of movement in the 

Hg lines. The intensities in the subarrays increase and decrease during the time span, 

indicating a back and forth or jittering movement. Second, the %RSD of the ratio of 

wavelengths of different elements, of the same element, and of different orders of the 

same wavelength vary by at least an order of magnitude, independent of the ratio 

measured. The image from each order will fall at a different position on the CID, and the 

center of this image will occur at a different position within a pixel for each wavelength 

examined. The amount of fluctuation in the intensity ratio of two wavelengths will be 

based on the similarity in positions of the two wavelengths. Considering the type of 

movement causing fluctuation in intensity, improvements in precision should be made by 

either increasing the size of the center subarray or by using an internal standard line well-

matched to the output profile of the analyte line. 

The effects on precision of increasing the center subarray size were evaluated in 

the same experiment used to determine the cause of imprecision. Summing of BCD and 

ABCDE provide the same intensities as measuring a 3 x 3 and 3x5 center subarray. By 

increasing the array size, fluctuation can be significantly reduced as illustrated in Figure 

3.12 and Table 3.4. This reduced fluctuation increases precision with an up to 5-fold 

decrease in %RSD of the ratio of two orders, with an average %RSD reduced from 0.9% 

to 0.3%. Employing a 5 x 3 subarray also leads to a 40% reduction in long term %RSDs 

without an internal standard ratio. Based on these measurements, larger subarray sizes 
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Wavelength 3x3 %RSD 3x5 %RSD 

Fe 238.240 nm 1.13% 0.31% 

Fe 240.458 nm 1.11% 0.20% 

Fe 259.940 nm 0.91% 0.40% 

Ni 221.647 nm 0.39% 0.27% 

Average 0.89% 0.30% 

Table 3.4 Comparison of %RSDs for Line Ratios Using 3x3 and 3x5 Subarray Sizes. 
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significantly reduce the amount of fluctuation seen in a CID based system. 

A second method of reducing system drift in ratios is to use internal standard 

wavelengths with an output profile similar to the analyte wavelength. Co 238.8 rrai and 

Ni 231.6 nm were found to have similar profiles. Intensity ratios from 3x3 subarrays of 

each wavelength were measured and used to correct for drift over a period of six hours. 

Using ratios, the fluctuation of Co 238.8 nm reduces to 0.3% RSD over six hours and 

<0.2% over two hours. 

3.5 Conclusions on Sources of Noise and Precision 

Previous work used to define limiting factors and equations for noise and 

precision (60,67,68) in ICP has for the most part been defined for single-channel systems 

with limitations dictated by flicker noise. Simultaneous detection of atomic wavelengths 

with an ICP echelle optical system using CID detection has demonstrated the elimination 

of flicker noise in both the background and analyte signal. As a result, the CID achieves 

a multichannel advantage compared to single channel systems. Using known parameters 

for limits in ICP and CID readout, theoretical expressions for RSDB and detection limits 

have been developed with limits from read noise and background shot noise. These 

expressions have been verified through experimental measurement of both parameters, 

and contrasted with available data governing single channel PMT systems. As expected, 

detection limits are then found to be proportional to in the shot noise limited case. 
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Since flicker noise is eliminated from the signal, a finite jittering of wavelength 

position rather than the expected shot noise ultimately limited precision. Fluctuation in 

intensity over time caused by this jittering induces a pattern noise in the ratio of 

wavelengths of different elements, of the same element, or even of multiple orders of the 

same wavelength of light. However, this limitation in precision can be corrected. 

Precision can be improved by either increasing the center subarray size or by using 

wavelengths with well-matched output profiles. With increased subarray sizes, single line 

fluctuation is reduced 40%, while the fluctuation in the ratio of two wavelengths is 

decreased by as much as a factor of five. With these correction techniques, precision has 

been demonstrated at a level of 0.3% RSD over six to seven hours. While analysis with 

larger subarray sizes reduces variability and increases precision in the system, an 

increased probability of spectral interference correction is also realized as well as a slight 

decrease in sensitivity. In situations with a large number of interfering species, internal 

standard lines with well-matched intensity profiles would be ideal. In either case, for 

samples at high analyte concentration, high precision (<0.5% RSD or better) can be 

achieved. 
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Chapter 4 Analysis of Catalytic Converters with ICP-AES 

Catalytic converters can be analyzed with high precision using ICP-MS and 

specifically isotope dilution (33). However, this type of analysis is costly, complex, and 

requires a skilled operator. ICP-AES has been investigated as a more robust 

methodology to be used for on-site analysis of Pt, Pd, and Rh in catalytic converters. 

While the precision for ICP-AES is considered worse than isotope dilution, high 

precision can be attained, especially with the proper choice of internal standard as 

described in the previous chapter. Using carius tube dissolution developed for increased 

sample to acid ratios, this chapter will discuss ICP-AES as a method of analyzing 

catalytic converters with high precision. 

4.1 Preliminary Instrumental Assessment 

Instrumental parameters and general ICP-AES precision and noise have been 

evaluated in Chapter 3. System hardware and software adjustments were made in order 

to improve instrumental performance and meet the high precision requirements of this 

project. Initial work began by determining the feasibility of measuring platinum with a 

precision of 1% or better. Solutions of 1, 10, and 20 ppm in Pt were measured for four 

strong Pt lines. The relative standard deviation for each of four separate runs, measured 

with 30 second integration time on a 3x3 pixel array, are recorded in Table 4.1. 
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%RSD 

Run# Cone (ppm) Pt 214.4 nm Pt 224.5 nm Pt 265.9 nm Pt 306.4 nm 

1 1 3.96 4.18 3.55 3.94 

2 1 4.06 5.76 1.18 9.21 

3 1 2.29 3.73 1.81 1.35 

4 1 2.42 5.22 3.11 3.08 

Average %RSD 3.18 4.72 2.41 4.39 

% RSD 

Run# Cone (ppm) Pt 214.4 nm Pt 224.5 nm Pt 265.9 nm Pt 306.4 nm 

1 10 1.67 0.88 0.55 0.68 

2 10 2.97 0.81 0.45 1.26 

3 10 0.27 0.59 0.31 0.65 

4 10 0.53 1.03 0.36 0.36 

Average %RSD 1.36 0.83 0.42 0.74 

% RSD 

Run# Cone (ppm) Pt 214.4 nm Pt 224.5 nm Pt 265.9 nm Pt 306.4 nm 

1 20 0.77 0.51 0.17 0.68 

2 20 0.54 0.42 0.11 0.06 

3 20 0.34 0.47 0.29 0.30 

4 20 0.35 0.69 0.26 0.15 

Average %RSD 0.50 0.52 0.21 0.30 

Table 4.1 Effect of Concentration on Precision for Selected Pt Lines. 
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As can be seen in Table 4.1, precision is directly dependent on the concentration 

of platinum in solution. In looking at the precision of the 20 ppm Pt and neglecting other 

factors such as interferences and system drift, precision of better than 1% is achieved. 

Using judiciously selected internal standards or larger array sizes can also minimize 

system drift. Matching internal standard lines rather than larger (3x5 center subarray) 

array sizes will be used in catalytic converter analysis because of the wide range of 

possible interferences in the matrix of the standard. The results for the Pt-265.9 nm line, 

which shows the lowest %RSD, are especially encouraging because this line appears to 

be interference-free. 

4.2 Wavelength Selection 

One of the major areas associated with method development for the use of optical 

emission spectroscopy in the analysis of noble metals in catalytic converter washcoats is 

proper line selection. While there are many emission lines that could be used for the 

quantitation of these species, most have moderate to severe emission interference 

associated with them from matrix metals. Large corrections for interferences can result in 

significantly degraded precision for elemental analysis, particularly if the interference 

occurs on the edge of an observation window as described in Chapter 3. Also, the two-

dimensional nature of the echelle spectrometer has the potential problem of mechanical 

(order) overlap, which can occur in the vertical dimension for strong lines in close spatial 
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proximity to the analyte wavelength, particularly at long wavelengths, where order 

separation is not as good. In these cases, mterferences would not normally be predicted 

based solely on the resolution of the spectrometer. 

Emission wavelengths were selected for both high sensitivity and minimal matrix 

interference. A preliminary echellogram of the dissolved SRM 2557 solution was 

collected. Based on the location of Pt, Pd and Rh lines combined with the presence or 

absence of interferences at or near the center subarray, a small group of viable Ft, Pd and 

Rh wavelengths was selected and examined more rigorously. For each of these 

wavelengths, a 100 (ig/ml solution of Pt, Pd and Rh was analyzed to determine 

sensitivity. Individual 1000 (a.g/ml matrix element solutions were then analyzed to 

measure interference intensity. The resulting table of relative interference for SRM 2557 

is shown in Table 4.2. 

Based on the data contained in Table 4.2, Pt 265.965 nm is essentially 

interference-free. Other examined Pt lines exhibited interference from both direct overlap 

and mechanical interference caused by high intensity Mg lines. Also shown in Table 4.2, 

Rh 343.489 nm has only slight interferences due to Ce and Ni and was chosen for 

analysis of all samples in both ICP-AES systems. However, matrix elements interfere 

with all Pd wavelengths in the low-resolution system. Thus, wavelength selection for 

palladium is difficult. The sensitive Pd 324.2 nm has been used with reasonable 

precision and accuracy to evaluate dissolution in reference standards and in the analysis 

of mock solutions. However, for the fresh catalytic converter sample, a large interference 



Line (nm) Ni Ce Al Fe Zr Ba Mg Pb Ca La Pt Pd Rh 

Pd324.2 10 14 

Pd342.1 25 6.5 0.7 0.5 1.5 1 1 
Pd346.0 11 16 

Pd 248.8 100 

Pt265.9 0.1 0.1 

Pt283.0 0.1 99 

Pt292.9 2.1 6.7 1.4 

Pt299.7 11 3.4 

Rh343.4 1.1 •• 
Rh369.2 0.3 59 8.6 0.1 0.5 1.6 

Rh369.2 0.59 64 0.1 39 3.0 n 

Table 4.2 Expected Percent Interference on Selected Analysis Lines. Values are Based on the Concentration Levels Found in 
the NIST SRM 2557. The Repetitive Rh-369.2 nm Line Listings Represent Two Separate Orders. 
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is observed, which produces inaccurate results. Also increases in the concentration of 

cerium, zirconium and nickel are found in the fresh catalytic converter sample, which 

further limit the precision in analysis with Pd 324.2 nm. Emission profile for the four 

best-case analysis wavelengths for Pt, Pd and Rh are shown in Figures 4.1 and 4.2. These 

profiles show the difficulty of isolating Pd wavelengths in the low-resolution system as 

well as cleaner spectra for Pt and Rh. 

Improvements in Pd detection are found in two different directions. The first 

method entails use of the Pd 248.892 nm wavelength in the low-resolution system. This 

method has limited applicability because the high concentration of iron in SRM 2557 

decreases the precision of Pd analysis to approximately 5%; nevertheless, high precision 

data for the fresh catalytic converter sample is achieved with this method. The second 

method entails using the high resolution ICP-AES. In this system, Pd 248.653 nm is 

resolved from the Ce and Fe interferences, which previously hindered low-resolution 

atomic emission analysis (Figure 4.3). By completely resolving matrix interferences, the 

high-resolution system provides the optimal method of analyzing Pd with high precision 

and accuracy. 

4.3 Mock Solution Analysis 

As an evaluation of the capabilities of analyzing catalytic converters with ICP-

AES, a mock solution containing Pt, Pd and Rh and major interfering elements Ce and Ni 

was created. The mock solution used target concentrations of 20 |ag/ml for Pt, 4 fig/ml 
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for Pd and 2 jig/ml for Rh with the concentration of other elements derived from the 

ratios found in the SRM 2557 sample. A series of standards for nickel and cerium 

bracketing the concentrations found in the mock solutions were used for interference 

correction. This sample was analyzed with ten replicate measurements by the method of 

standard additions with 0,1,2 and 3 spikes as described earlier. Instrumental precision 

was then derived from the fluctuation in the ten measurements after interference 

correction. 

Measurement in this study included ten replicate analyses of the synthetic sample; 

thus, precision was dependent solely on the instrument. Each of the wavelengths 

demonstrated excellent linearity, in the range of R"= 0.9999 or better, as illustrated in 

Figure 4.4. Most of the fluctuation in intensity resulted from drift over the time period of 

the analysis, and was reduced by using Ni 231.6 nm as an internal standard. Since the 

method of standard additions was utilized, correction for long term drift was unnecessary. 

Results for the mock solution analysis, included in Table 4.3, realize %RSD's for Pt, Pd 

and Rh at 1.07%, 1.11% and 0.95% respectively. Based on analysis of the mock solution, 

precision at a level of 1% is feasible; however, this precision requires dissolution to a Pt 

concentration of 20 ppm to avoid degradation of precision from the levels found in the 

mock solution analysis. Also, in moving from the analysis of the mock solution, changes 

in methodology discussed in Wavelength Selection are necessary to overcome difficulties 

in analysis of the fresh converter sample. 
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Trial # Pt (^ig/mL) Pd (^ig/mL) Rh (fig/mL) 

Trial 1 19.87 3.93 2.02 

Trial 2 20.07 3.92 2.00 

Tria ls  20.29 3.92 2.01 

Trial 4 19.87 3.95 2.00 

Trial 5 20.36 3.93 1.98 

Trial 6 19.99 3.96 2.02 

Tria l?  20.09 3.96 2.00 

Trial 8 20.43 3.92 2.00 

Trial 9 20.19 3.97 1.98 

Average 20.13 3.94 2.00 

% Dev from Theor. +0.64% -1.5% +0.05% 

%RSD 1.01% 0.55% 0.71% 

Table 4.3 Ni/Ce Blank Subtracted Correction for Mock Solution. Analysis was 

performed with Ni 231.6 nm internal standard. 



119 

4.4 Analysis of Catalytic Converter Samples and Reference Standards 

Analysis of catalytic converters followed a similar methodology to that used in 

the study of mock solutions. Samples were analyzed by the method of standard additions 

using 0,1,2 and 3 ml additions of the spike solution. For both ICP-AES systems, a 3x15 

center subarray with background correction was used to measure intensity for the 

analytical wavelengths. Pixel location for background correction varied for each 

wavelength and was selected based on minimal interference for the sample matrix. The 

average of 4 replicate measurements of a 30-second integration period was used to 

determine intensity for each sample analyzed. Analysis wavelengths for Pt, Pd and Rh 

are described in the wavelength selection section, while Ce 413.380 nm, Ni 231.604 nm, 

A1 220.462 nm, Zr 256.887 nm, Fe 238.204 nm and Ti 252.560 nm are used for 

interference correction. Both the iron and titanium wavelengths require their own 

corrections due to A1 interference. 

Catalytic converter samples are difficult to analyze due to the high concentration 

of matrix elements with overlapping emission. Palladium proved the most difficult of the 

three elements due to large interference at both the analysis wavelength and off-center 

positions used for background subtraction. Sample dissolution was performed with 

carius tubes and HF/HCIO4 dissolution as described in Chapter 2. A total of eight 

samples of NIST SRM 2557 and two NIST SRM 2556 samples were dissolved in carius 

tubes, consisting of two batches of Ig sample per carius tube. Dissolution of the firesh 

catalytic converter sample proceeded with the dissolution of 0.5g sample sizes 
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combined into a total sample dissolution of 2g per replicate. Solution used for standard 

addition spikes was made to a volume of 100 mis with commercial standards to the 

following approximate concentrations Pt 500 |ig/ml, Pd 100 {ig/ml, and Rh 50 |ig/ml. 

Actual concentrations of the addition spikes were determined by ICP-AES calibration 

with primary standards. Samples for standard addition measurement were then created 

by spiking 4 equal fractions of sample, each taken from a 10 ml burette and accurately 

weighed, with 0, 1,2, and 3 mis of spike and diluted to 25 mis (volume at each of the 

following steps is accurately weighed to 0.001 g). 

Results for the low-resolution ICP-AES system are illustrated in Tables 4.4 

through 4.6. Precision of 1.5% or better is achieved in all cases except for Pd analysis in 

SRM 2557. In this case, precision is degraded to 5% RSD by the large interference 

correction for iron on the Pd 248.89 run wavelength. The results for analysis of the fresh 

catalytic converter sample are especially encouraging. Precision for Pt, Pd and Rh are 

between 1.1% and 1.3% precision for each element. ICP-AES quantitation for analysis of 

the fresh catalytic converter sample has been verified through the technique of isotope 

dilution and ICP-MS, discussed in the next chapter. All reported numbers were within 

1% of the accuracy of ICP-MS and well within the precision of the measurement. The 

increased precision for the analysis for Pd with Pd 248.892 rmi stems from two areas. 

First, there is a significant decrease in the concentration of Fe in the catalytic converter 

matrix by a factor of five. Second, there is an increase by 150% in the Pd concentration 

in the sample analyzed. The combination of these two factors, decrease the relative 
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Sample Pt (^ig/g) Pd (^ig/g) Rh (^g/g) 

1 1139 241.7 132.0 

2 1123 233.4 133.8 

3 1134 242.7 133.7 

4 1127 230.8 137.5 

5 1118 209.7 135.7 

6 1129 223.6 134.9 

7 1119 224.2 134.2 

8 1138 241.5 134.6 

Average 1128 229.4 134.5 

NIST Value 1131 233.2 135.1 

%RSD 0.7% 5.0% 1.3% 

Table 4.4 Pt, Pd, and Rh Analysis of NIST SRM 2557 by ICP-AES. Method of 
Standard Additions and Ni 231.6 nm Internal Standard Correction have been applied. 

Sample Pt (|ig/g) Pd (|ig/g) Rh (l^g/g) 

1 695.1 326.6 50.1 

2 696.9 323.0 48.6 

Average 696.0 324.8 49.4 

Table 4.5 Analysis of NIST SRM 2556 by ICP-AES. Same Conditions as Table 4.4. 
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Sample Pt (ng/g) Pd (^g^g) Rh (Mg/g) 

MS-481-1 903 363 92.1 

MS-481-2 881 362 89.7 

MS-481-3 905 352 89.6 

MS-481-4 879 359 90.6 

MS-481-5 880 355 89.2 

MS-481-6 884 354 90.2 

Average 889 358 90.2 

Std dev 12 4.3 1.0 

RSD 1.3% 1.2% 1.1% 

Pt (^g/g) Pd (Hg/g) Rh (^g/g) 

ICP-AES 889±12 358±4 90.2±1.0 

ID-ICP-MS 883.7±6.2 360.9±3.6 91.1±0.6 

%RSD ICP-AES 1.3% 1.2% 1.1% 

%Dev from ICP-MS -0.8% -0.9% -0.7% 

Table 4.6 Analysis of Pt, Pd, and Rh by ICP-AES in MS-481 Catalytic Converter 
Sample. 
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interference of Fe in the sample to approximately 10% of the Pd intensity. ICP-AES 

accuracy is within 1% of the Ft, Fd and Rh values determined by ICP-MS and isotope 

dilution where possible. These results illustrate the high accuracy and precision, which 

can be obtained using simultaneous ICP-AES detection and analysis wavelengths with 

minimum interference. 

The measurement of NIST standards and the fresh catalytic converter sample 

produced good results for the analysis of platinum and rhodium. While ICP-AES was 

able to analyze Pd in MS-481 with a precision near 1%, precision for the analysis of 

NIST 2557 was near 5%, which is not an acceptable level based on the precision 

requirements of this analysis. Two different avenues have been explored to overcome the 

matrix problems found in the analysis of high concentrations of iron and zirconium in 

catalytic converters. One involves the use of a chemical separation of matrix and Pt 

group metals through the use of an ion-exchange resin, while the second is the use of a 

high-resolution ICP-AES CID system, recently obtained in our laboratory. 

4.5 Ion-Exchange Chromatography 

The majority of platinum group metals form anion complexes in chloride 

solutions (17). As a result, ion-exchange chromatography provides an easy alternative for 

eliminating some of the matrix elements found in catalytic converters. Specifically, Fe, 

Ni, Al, and Ce are the most troublesome elements in the matrix with Ti and Zr to a lesser 

extent. Ion exchange is used to eliminate matrix elements while retaining Pt and Pd. 
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ICP-AES analysis using ion-exchange resins is hindered by three complicating 

factors. First, Pt group metals do not always bind strongly to basic anion exchange 

columns; thus, cation exchange resins are used to retain base metals and pass Pt metals. 

Second, Rh (III) forms an aquo complex, which is weakly retained by cation exchange 

resins. Third, cation exchange resins work with solutions that have a pH higher than one. 

For reasons discussed above, difficulties were realized with rhodium using cation 

exchange columns. Subsequently, only values for Pd and Pt are included using ion-

exchange resins. Also, the cation exchange resin strongly retains sodium. Subsequent 

attempts at buffering solutions were met with both some precipitation of brown material, 

probably due to A1 hydroxides, and incomplete retention of base metals with a strong 

sodium signal from retained material. As a result, solution was passed through cation-

exchange resin after diluting to pH 1 rather than buffering. 

Cation-exchange resin Dowex 50W-X8 was placed in a column approximately 18 

cm in length and 1 cm diameter. The column was treated with HiO, HNO3, and NaOH as 

described in KorKisch (17) for resin pretreatment. The fresh catalytic converter sample 

was evaporated, then dissolved in 1% HCl and diluted slightly with MQ water to an 

approximate pH of 1. MS-481 solution was then run through column followed by two 

rinses with water. Remaining matrix elements were then eluted with 8N HNO3 and 

diluted to within 5% of the effluent volume. Elemental analysis was performed with ICP-

AES in normal calibration mode for Pt and Pd with In used as an internal standard. 
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Matrix elements were measured by ICP-AES through comparison of background 

subtracted intensities for retained and eluted solutions. 

The results for the matrix metal intensities have been included in Table 4.7. The 

cation-exchange resin while eluting both Pt and Pd has mostly retained each of the 

difficult matrix elements. Iron has the lowest retention constant of the metals examined, 

but reduction in concentration of 300 will eliminate virtually all contribution to the Pd 

signal. Pt and Pd were measured using the Pd 324.2 nm wavelength, which exhibited a 

problem in the analysis of the fresh catalytic converter sample. As illustrated in this 

table, both Pt and Pd are accurately determined with the use of the cation-exchange resin. 

Based on the data from this section, cation exchange is a viable method of sample clean

up for the analysis of Pt and Pd; however, Rh is not entirely retained or eluted. Therefore, 

cation exchange is not viable in the analysis of Rh. Since iron, cerium, and nickel are 

removed, the strongest available Pd wavelengths can be used for analysis. Nevertheless, 

measurement both with and without cation exchange are required if Pt, Pd and Rh are to 

be determined for samples with high iron concentration. Also, cation exchange clean up 

may be a viable method for Pt and Pd determination using ferric chloride, a method 

which has enhanced noble metal dissolution but is hindered by high iron concentration. 

Since cation exchange cannot analyze all three elements, a high-resolution echelle system 

has also been examined for ICP-AES analysis of catalytic converters. 
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Element/W avelength Effluent Int (cnts/sec) HNO3 Rinse Int (cnts/sec) 

Ni 231.6 nm 0.057 115.9 

Ce 413.3 nm 0.072 146.4 

Fe 259.9 nm 1.05 303.2 

A1 309.2 nm 1.63 3387 

Sample Treatment Ft (ng/g) Pd (|ig/g) 

Without resin 889 320 

With resin 898 360 

ID-ICP-MS 883.7 360.9 

Table 4.7 ICP-AES analysis of MS-481 by Treatment with Cation-Exchange Resin 
Dowex 50W-X8. 
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4.6 High-Resolution ICP-AES 

All of the ICP-AES work done to this point has been performed with the echelle-

CID system described in Chapter 3. Recently, our laboratory has received a higher 

resolution echelle spectrometer-CID system used for ICP-AES. Spectral resolution of the 

system has increased from 18,300 to 34,010 or from 0.0109 nm to 0.00588 nm @ 200 

nm. The system has the added benefit of a purged path for examining light below 190 

nm. However, since the same size CID is used in the system, certain spectral regions are 

not covered to achieve this increase in resolution. As a result, some matrix element 

wavelengths such as Ce 413.3 nm are not covered in the spectrum. Alternate lines such 

as Ce 306.3 nm are used for analysis of these elements. Fortunately, the mstrument 

covers the 15 most intense lines for Pt, Pd, and Rh. 

Similar investigations to that conducted with the lower resolution system in 

selecting interference-free wavelengths has been performed on this system. Specifically, 

Pd was the major focus, since Pt and Rh had reasonable wavelengths for analysis with the 

other system. Pd 248.653 nm shows significant interference due to both Fe and Ce in the 

low-resolution system. As illustrated previously in Figure 4.3, Fe and Ce are completely 

resolved from Pd at higher resolution, resulting in interference-free detection of Pd. 

However, since a different grating is used, mechanical problems exist for other 

wavelengths. For example, a slight Ti interference is now present for Pt 265.965 nm due 

to the increased size of the second slit as described below. 
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The high-resolution system has other improvements as well. The system is 

equipped with a purged path, which allows wavelengths absorbed by air (165-190 nm) to 

be used. To collect these wavelengths, a second (on-axis) slit has been added to the 

echelle, which moves the detected light without moving the chip. This slit has twice the 

height of the off-axis slit, doubling the spectral throughput for low wavelengths. The 

drawback to increased slit size is the increased probability of encountering mechanical 

interference through order overlap on the chip. Thus, the smaller, off-axis slit is used for 

Pt, Pd and Rh analysis. Optical improvements have also been made to the system in the 

form of a single, achromatic lens for collection. This optical train eliminates chromatic 

aberration found in the low-resolution system and increases throughput for wavelengths 

in the vacuum UV. Further, decreased background intensity by a factor of two is 

achieved with the higher resolution system. 

Catalytic converter analysis was performed on NIST SRM 2557 using Pt 265.9 

nm, Pd 248.6 nm, and Rh 343.4 nm on the high-resolution system. Due to the increased 

resolution, Pd 248.6 nm is spectrally resolved from both Fe and Ce as illustrated in 

Figure 4.3. Thus, Pd 248.6 nm has increased precision compared to using Pd 248.892 nm 

and correcting for Fe interference. Rh analysis is hindered by slightly increased Ce 

interference at Rh 343.4 nm. Analysis was performed with similar methodology as in the 

low-resolution system. Results for SRM 2557 analysis are shown in Table 4.8, which 

indicates much higher precision and accuracy for Pd compared to the low resolution Pd 

248.8 nm results, shown previously in Tables 4.4 through 4.6. In all cases, precision with 
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Sample Pt (|lg/g) Pd (fig/g) Rh (^g/g) 

SRM 2557-1 232.8 1134 134.8 

SRM 2557-2 227.2 1115 135.4 

SRM 2557-3 232.7 1130 134.9 

SRM 2557-4 233.5 1149 132.1 

SRM 2557-5 230.5 1133 134.3 

SRM 2557-6 233.5 1138 134.5 

SRM 2557-7 232.5 1129 133.2 

Average 231.8 1133 134.2 

Standard Deviation 2.3 10 1.1 

%RSD 0.98 0.90 0.85 

Table 4.8 High Resolution ICP-AES analysis of NIST SRM 2557. 
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the high-resolution system is at the 1% level for each element analyzed. Therefore, 

increased resolution with ICP-AES increases precision for Pt, Pd and Rh. 

4.7 Conclusions for ICP-AES Analysis of Catalytic Converters 

High precision analysis of Pt, Pd and Rh in catalytic converters is difficult due to 

the high concentration and large number of interfering wavelengths, which are present in 

the matrix. In particular, interferences produced by rare earth elements such as cerium 

are difficult to avoid at high concentrations because the influence of f-orbitals vastly 

increases the number of energy transitions. The catalytic converter matrix is therefore 

exceedingly complex, and locating wavelengths with minimal interference is problematic. 

Also, methods for increasing precision such as larger subarray sizes, increase the 

probability of encountering interference, and are therefore not utilized in this section. 

Despite these concerns, high precision analysis of noble metals in catalytic 

converters has been demonstrated through the application of simultaneous charge transfer 

device detection of ICP-AES. The wavelength coverage and high spectral resolution 

afforded by the CID-echelle system allow detection with the least interfered wavelengths, 

which at times are not the most sensitive lines. Using carefully selected Pt, Pd and Rh 

wavelengths, ICP-AES has demonstrated precision of 1.5% or better for all three 

elements. While difficulties are realized in the analysis of Pd with the low-resolution 

system, analysis at high resolution eliminates matrix metal interferences and enables 

precise quantitation, even for samples containing high concentrations of iron. The lack of 
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iron interference also allows the use of ferric chloride for enhanced carius tube and hot 

plate dissolution. 

While emission does not achieve the 0.5-1.0% precision and accuracy obtained 

with isotope dilution, the technique is simple and achieves a high enough level of 

precision to perform on-site measurements of noble metals during manufacturing and to 

settle disputes between suppliers and manufacturers. Accuracy of the ICP-AES method 

has been demonstrated through comparison of results with data collected using isotope 

dilution ICP-MS. In all cases, Pt, Pd and Rh are within 1% of the measured values for 

analysis of the fresh catalytic converter sample. Overall, ICP-AES provides high 

precision without the difficulties of isotope dilution. 

This ICP-AES methodology can also be extended to similar types of samples. 

Other catalyst materials contain nimierous additives which act as stabilizers, prevent 

sintering, regulate oxygen storage, and influence catalytic activity. These metals, such as 

Ba, La, Al, Si, Ni, Zr, Fe, V, Ti, Nd, Ca, Mn and rare earth elements (23), can mimic the 

complex matrix of the catalytic converter. For noble metal catalysts, methodology will 

be similar, and should require only minor changes based on the matrix. For analysis of 

other primary active metals such as iron, vanadium and manganese, information about the 

matrix obtained in this chapter can be used to find available spectral regions, which are 

free of interference. Geological samples also have similar matrices to catalytic converter 

samples. High concentrations of lathanides are found in mona2dte rocks, which typically 

have CeO, abundance of 40% or higher (62). Analysis wavelengths for noble metals as 
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well as important matrix elements, such as Fe, Zr, Ti, A1 and Ni, should be applicable to 

geological analysis of monazite rocks with only minor changes for the increased presence 

of La and Nd. 
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Chapter 5 Inductively Coupled Plasma Mass Spectrometry: Isotope Dilution and 
Catalytic Converter Measurement 

ICP-AES has demonstrated high precision analysis of Ft, Pd and Rh in catalytic 

converters. For analysis of the fresh catalytic converter sample, however, accuracy of the 

method should be validated by analysis with a second, highly accurate method. 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is a method of high precision 

and sensitivity, which has three distinct advantages for the analysis of noble metals in 

catalytic converters. 

First, ICP-MS achieves very high sensitivity in the analysis of atomic species, 

normally detecting samples in the concentration range of part-per-billion (ppb) to part-

per-trillion (ppt). Thus, small amounts of sample containing low concentrations of 

analyte can be measured. Second, ICP-MS is relatively free of direct interferences from 

elements in the sample. Most elements have only a few isotopes, few of which overlap. 

Third, ICP-MS has the ability to measure isotope ratios through the method of isotope 

dilution (ID), which provides high precision and accuracy in the measurement of 

elemental analytes. 

While Beary and Paulsen (33) have previously analyzed Pt, Pd and Rh in catalytic 

converters Avith isotope dilution, analysis was done on NIST standards derived from 

automobiles of the 1970's and 1980's. Alterations in this method are needed to analyze 
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newer generation converters containing higher concentrations of cerium, nickel and 

zirconium. A newer, more robust ID-ICP-MS methodology has been developed to 

analyze Pt, Pd and Rh in catalytic converters, which has greater applicability to most 

catalyst samples. 

5.1 Isotope Dilution ICP-MS (ID-ICP-MS) 

Isotope dilution is one of the most accurate methods of instrumental analysis 

available to a chemist. In isotope dilution, once the isotopic spike is added to the solution 

and equilibrated with the sample, partial loss of sample analyte is unimportant. For this 

reason, separations, which result in incomplete recoveries, can still be used for 

quantitative analysis to eliminate problematic matrix elements. Also, after correction for 

instrumental mass bias effects, the spike isotope acts as a near ideal internal standard, 

attaining reproducibility limited only by instrumental ion fluctuation. 

In isotope dilution, a sample is spiked with a purified isotope from a particular 

element. The ratio (R^) between a naturally occurring isotope and the spike isotope is 

then measured. Calculations, at this point, would then be straightforward based on the 

concentration of spike added. However, most elements have several naturally occurring 

isotopes, and the isotopic spike, having gone through an enrichment procedure, is not 

completely free of other isotopes. Corrections must then be made based on the isotopic 

fractions present in both the spike and sample. Calculations can be condensed to a single 

equation described by Paulsen et al (71). 
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W, R„ Abl - Abi 

where and Cj are the analyte concentrations in the sample and spike, and W„ are 

the natural and spike atomic weights, Abi and Ab] are the isotopic fractions for isotopes 

A and B in the spike solution, R„ is the ratio (A/B), and^Z>.t and Ab\ are the natural 

isotopic fractions. 

There are several potential problems for isotope dilution in the area of sample 

preparation: the sample must be completely dissolved to achieve homogeneous mixing 

with the spike; the analyte must exist in the same charge state as the spike; and loss of 

volatile elements such as Pb or S must be prevented. Thus, carius tube dissolution is 

normally performed with ID-ICP-MS to completely dissolve the analyte to the highest 

charge state without the loss of volatile components. There are also several instrumental 

problems, which also may be present: isotopic interferences in the form of overlap, 

molecular ions, and multiply charged ions; isotopic fractionation from mass bias effects; 

and over spiking or under spiking of the enriched isotope. Usually, the matrix is run prior 

to anedysis to determine the presence of interferences. Also, during a run fluctuating 

mass bias and charging effects are corrected either by measurement of a standard ratio 

during the run or by "double spiking," measuring a second pair of isotopes and correcting 

the fluctuation of the ratio based on the second isotopic measurement. Finally, a 
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preliminary measurement is made prior to dissolution for an approximate concentration in 

the sample. Based on this measurement, the appropriate amount of spike is determined to 

achieve a ratio value close to 1 (71).' 

Isotope dilution has been applied in a number of instances because of its high 

precision for the measurement of geological isotopes, the certification of reference 

materials, and to settle discrepancies between methods. It has been applied to the 

analysis of rare-earth elements (72), base metals (73,74), and PGMs (75-78). It can be 

applied to almost any element as long as multiple isotopes are available. However, 

monoisotopic species such as rhodivmi caimot be measured by isotope dilution; therefore, 

these species are measured in normal mode ICP-MS. Exceptions to this rule can be found 

in the production of long-lived isotopes such as '^'I and ^°Th, which are stable and have 

been used for isotope dilution. 

5.2 ICP-MS Operating Parameters 

The instrument used for this work was a Turner Sola quadrapole ICP-MS, 

illustrated in Figure 5.1. Ions created in the plasma are collected into the mass 

spectrometer through small orifices in the cones. Ions are then accelerated by the 

accelerator cone and deflected into the lenses. Ions are then focused into the quadrapole 

with the appropriate mass filtered and measured by the electron multiplier or Faraday 

Cup. The ICP-MS operating conditions are shown in Table 5.1. The instrument was 

' For measurements close to the detection limit, a ratio of 3-10 is preferred. 
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focused, optimized, and calibrated using a 1 ppb solution of Bi and In. 

53 Pt and Pd Isotope Dilution Procedure 

Isotope dilution is fairly straightforward according to equation 5-1. The spike 

described in Chapter 2 is composed of the values recorded in Table 5.2, where isotope A 

is "®Pt or ""Pd and B is "^Pt or '°'Pd, depending on the element of interest. Samples are 

dissolved using the carius tube procedure described earlier, according to 250 mg of 

sample and a spike addition of approximately 380 |aL, weighed for exact volume. Based 

on these specifications, the "^Pt/"*Pt ratio ranges between 0.64 and 1.42 while ""Pd/'^^Pd 

ranges from 1.11 to 1.50, depending on the Pt or Pd concentration in the sample. Since 

the isotope ratio is expected near l.O, these values are reasonable considering the 

fluctuation in Pt and Pd concentration in the actual converter samples. Dissolution is 

followed by HF/HCIO4 treatment to remove the silicate material. ICP-MS measurements 

are then made following dissolution. 

Preliminary ICP-MS scans were made on the matrix elements and dissolved 

samples to determine the presence of interfering molecular and doubly charged species. 

Figure 5.2 illustrates the Pt region of the spiked fresh catalytic converter sample. High 

mass isotopes are susceptible to irregularities in peak shape seen in Figure 5.2; whereas, 

low masses such as Pd and Rh appear more guassian. Normally, "®Pt is approximately 

20% of the "'Pt peak. The addition of the isotopic spike has caused the "®Pt and "®Pt to 

have very similar intensities and a ratio close to 1.0. Also, the Pt region shows an 
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ICP-MS Parameter Operating Condition 

RF Plasma Power 1400 Watts 

Detector electron multiplier 

Nebulizer Meinhard concentric 

Spray Chamber Scott Type cooled to 10° C 

Ar Gas Flows 

Coolant 15.5 L/min 

Intermediate 1.2 L/min 

Nebulizer 0.905 L/min 

Solution Pump rate 0.9 mls/min 

Table 5.1 System Parameters and Operating Condition for ICP-MS. 

Variable Platinum Palladium 

Ws 197.837 103.978 

w. 195.100 106.415 

Abi 95.83 95.11 

Abs 7.21 11.14 

Abr 1.18 2.70 

Abi 33.8 22.33 

Table 5.2 Isotopic Abundance and Atomic Weights for Pt and Pd Isotope Dilution. 
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absence of interference due to matrix effects. 

On the other hand, the Pd-Elh region has an interference problem due to the 

presence of zirconium in the sample. Zirconium, which has isotopes at 90, 91, 92, 94 and 

96 amu, forms charged oxides at 106, 107, 108, 110, and 112 amu. These charged oxides 

partially obscure Pd isotopes at 106, 108 and 110 amu. The peak at 107 amu is 

completely derived from ^'ZrO and indicates the magnitude of interference. 

Subsequently, a large correction in the ^°^Pd peak would have to be made if the 

"'^Pd/'°®Pd ratio were used as described by Beary and Paulsen for the measurement of 

NIST standard reference materials (33). Instead, '°^Pd is chosen because it is not 

interfered with by Zr, and the presence of Sr and Y, which also can form interfering 

oxides, are not detected for any of the catalytic converter matrices analyzed here. 

Hafnium, which has oxides in the Pt region of the spectrum, is usually found in zirconium 

materials to approximately 2% of the Zr concentration. However, the lower 

concentration of Hf, combined with the higher concentration of Pt and relative abundance 

of the Pt and Hf peaks make the contribution of Hf oxides negligible. Also, Pb can form 

doubly charged peaks, which would interfere with Pd and Rh. Pb is present in the NIST 

SRMs because early generation catalytic converters are often contaminated with lead. 

Plasma conditions were maintained to limit the formation of doubly charged species in 

the plasma, making the contribution of Pb^ negligible. 

The other matrix elements, shown earlier in Table 2.5, were examined 

individually as well as in a combined matrix to evaluate interference effects. None of the 
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elements including silicon exhibited peaks for Pt, Pd or Rh. The possibility of minor 

components forming molecular species exists, but is very unlikely. 

Initially, Pb isotopes were studied in SRM 981 because the isotopes in this sample 

have been well characterized. Figure 5.4 illustrates the •'"Pb/"°®Pb fluctuations for 10 

measurements at concentrations of 50 and 100 ppb. Figure 5.4 shows two interesting 

aspects. First, the Pb ratios fluctuate approximately 0.5%-1.0% over time due to 

fluctuation in the torch and nebulizer. Second, the large discrepancy in isotopic 

abundance between "°^Pb and *°^Pb results in a small -"^Pb/^^^Pb ratio, less than 0.03, 

which is strongly affected by concentration. The different plots for 50 and 100 ppb 

indicate two different average values for the Pb ratio. Since the -*"Pb signal is 

significantly lower, the blank signal has a much stronger affect on "'"Pb. Accordingly, 

the ^'"Pb/^°®Pb ratio is attenuated at lower concentrations. For this reason, isotope ratio 

measurements are ideally made near a ratio of 1.0. 

Noble metal isotopic fluctuations were also studied over time. A Pt standard was 

analyzed every 90 minutes over three days. As illustrated in Figure 5.5, Pt ratios 

fluctuate a total of 4-5%. Uncorrected, ID-ICP-MS measurements would produce 2-3% 

precision at best. Accordingly, two different correction techniques can be applied. First, 

a second ratio such as ""Pt/'^^Pt was made during the same analysis. "^Pt/"*Pt and 

i94pt/i95pt, shown in Figure 5.5 fluctuate similarly over time. Correction was then made 

with a double isotope ratio. Second, a quality control (QC) measurement can be made in 

between every few ID-ICP-MS samples to correct for fluctuation. During the third day. 
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fluctuations decreased sharply for ''^Pt/"®Pt ratio while decreasing only moderately for 

i94pt/i95pt 2 result, the second methodology provided the most accurate results. 

Therefore, Pt and Pd ID-ICP-MS analysis is performed by measuring "®Pt/"^Pt 

and ""Pd/""Pd in catalytic converters. A fluctuating mass bias correction is then made 

based on the QC measurement. The actual dilution of catalytic converters is not 

measured since the only the ratio is relevant; however, appropriate dilutions are made to 

limit detector noise for low concentrations and to prevent arcing of the plasma due to 

high aluminum content at high concentrations. Thus, ion intensities are typically 

measured between 50,000 and 150,000 counts. The corrected ratio is then inserted into 

equation (5-1) to determine sample concentration. Concentration of the spike, C, is 

determined by measuring isotope ratios for several known volumes of Pt and Pd primary 

standard added to the spike. The isotope ratios and known concentrations of Pt and Pd are 

substituted into Equation (5-1) and then used to back calculate the concentration of the 

spike, which is the average of the measurements. 

5.4 ICP-MS Procedure for Analysis with a Internal Standard 

Rhodium is monoisotopic at 103 amu with no other long-lived radioisotopes; 

therefore, Rh cannot be measured by isotope dilution. Rh is thus analyzed by normal 

mode ICP-MS with an internal standard. NIST has used indium as an internal standard 

for both ICP-AES (9) and ICP-MS (33). Figure 5.6 shows the fluctuation of both "^In 

and '°^Rh in the Sola ICP-MS during a measurement over several hours. During this 
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time, both ions fluctuate approximately 10-15% due to space-charge and matrix effects. 

If Rh were measured without the aid of an intemal standard, this large fluctuation would 

limit precision. However, both ions fluctuate similarly and the ratio of the ions produces 

a precision of 0.6% RSD. The precision of '°^Rh/"^In is surprisingly better than the 

isotopic ratio of some elements. For example, Rh analysis is more precise than Pd 

analysis, which uses ID-ICP-MS, as demonstrated in the next section. Also, since Rh is 

monoisotopic, the ion count is much higher than for an element distributed among 

multiple isotopes. As a result, Rh has a higher ICP-MS sensitivity than either Pt or Pd. 

In catalytic converters, Rh concentration is typically 10% of the Pt concentration, but 

both elements have similar ion intensities due to these factors. 

A series of Rh standards with concentrations ranging between 0.5 and 5 ppb were 

prepared and used to assess system linearity. Each of these standards also contained "'In, 

which was used as an internal standard. An In concentration of 1.5 ng/ml resulted in a 

multiplier signal intensity of approximately 90,000 cps on our system. Reasonable 

sensitivity and linearity for Rh were observed over the concentration range evaluated. 

Figure 5.7 (R" = .9995). The deviation in linearity at high concentrations shown in Figure 

5.7 are consistent with "dead time" errors in the electron multiplier detector and are 

reproducible from run to nm. For this reason, sample concentrations are adjusted to limit 

signal intensities to a range between 50,000 and 150,000 cps. 

5.5 Measurement of Pt, Pd, and Rh in Catalytic Converters 
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Isotope dilution and normal mode ICP-MS analyzed catalytic converter samples 

and reference materials for Pt, Pd, and Rh as described in the previous two sections. 

NIST reference materials SRM 2556 and SRM 2557 were analyzed first. Both of these 

samples have been well characterized by NIST using a variety of methods including ICP-

MS and isotope dilution where possible (33). The results on multiple carius tube 

dissolution and ICP-MS analyses for these reference materials are included in Table 5.3 

and Table 5.4. For both of these materials, ICP-MS provided a method of high precision 

and high accuracy. SRM 2557 has received most of the focus because the sample is 

derived fi-om a monolithic base. 

The NIST certified values for SRM 2557 are Pt 1131±11, Pd 233.2±1.9, and Rh 

135.1 ±1.9 in units of fig/g. The observed concentration values match exceedingly well to 

the certified values for this sample. For isotope dilution, Pt and Pd average values are 

within 0.1% of the expected values. Rh accuracy, on the other hand, is slightly higher 

than expected (by about 0.7%), but matches NIST values well considering error bars for 

the measurements. The precision for Pt and Rh are also very good at 0.5% and 0.6% 

RSD. Pd is slightly worse at 1.0% RSD, however, this is still reasonable precision for 

catalytic converter analysis. 

The NIST certified concentrations for SRM 2556 are slightly lower for Pt and Rh 

at 697.4±2.3 and 51.2±0.5 |ig/g and slightly higher for Pd at 326.0±1.6 |ig/g. The results 

for SRM 2556 are shown in Table 5.4. The accuracy of each element is excellent in this 

case. Also, precision is on par with SRM 2557 analysis. The %RSD for Rh is 
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Sample Platinum Palladium Rhodium 

SMD-2 1130 234.7 136.2 

SMD-4 1131 231.1 135.4 

SMD-5 1142 233.6 135.8 

SMD-6 1127 230.2 137.0 

SMD-17 1130 233.6 136.2 

SMD-18 1130 237.1 136.2 

SMD-27 1135 231.4 134.8 

SMD-28 1123 233.0 137.0 

SMD-29 1136 232.0 135.2 

Average 1131 233.0 136.0 

Std. Deviation 6 2.2 0.8 

%RSD 0.5% 1.0% 0.6% 

Table 5.3 Analysis Results for Pt, Pd, and Rh from NIST Catalytic Converter SRM 
2557. Concentrations for Pt, Pd, and Rh are reported in units of |ig/g. 

Sample Platinum Palladium Rhodium 

SMD-7 698.1 324.9 50.9 

SMD-8 691.2 324.6 51.3 

SMD-9 700.5 327.6 50.2 

Average 696.6 325.7 50.8 

%RSD 0.7% 0.5% 1.1% 

Table 5.4 Analysis Results for Pt, Pd, and Rh from NIST Catalytic Converter SRM 
2556. Concentrations for Pt, Pd, and Rh are reported in units of |ag/g. 
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approximately doubled for this sample, most likely due to the limited number of 

replicates analyzed. Overall, analysis of NIST SRM catalytic converter standards has 

demonstrated high precision and accuracy. 

Analysis of the fresh catalytic converter sample is straightforward based on 

methodology used for SRM analysis. The results for the analysis of 7 replicate samples 

are included in Table 5.5. Precision is similar to SRM 2557 analysis including precision 

for Pd at 1.0% RSD. This sample has also been analyzed by NIST using carius tube ICP-

MS and isotope dilution for Pt and Pd. These results, also obtained from seven replicate 

samples, are 908.5±4.2 jig/g for Pt, 360.5±1.6 ^ig/g for Pd, and 90.6±0.4 |ag/g for Rh. 

The results for Pd and Rh from both analyses match exceedingly well. While the 

determined concentration for Rh is slightly higher for our measurement of the sample, the 

difference in concentration is well within the 1% limit on accuracy. 

However, analysis did not work as well for platinum. The difference between 

measurements is slightly less than 3%, indicating a bias in measurements due to the high 

precision of both data sets. This deviation is most probably due to the presence of 

interferences not realized in the measurement of matrix elements. Also, NIST SRM 2557 

and 2556 standards were analyzed with the same calibration, demonstrating high 

accuracy and confirming calibration of the spike. Isotope ratio measurements were also 

performed with several samples using the effluent from a cation exchange resin column 

(cation exchange resins are discussed in Chapter 4). The effluent should contain Pt, Pd 

and only base metals forming negative ions in solution. In this experiment, Pt and Pd 
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Sample Platinum Palladium Rhodium 

SMD-24 882.1 361.1 90.6 

SMD-20 895.8 362.6 91.7 

SMD-22 877.6 355.3 91.7 

SMD-25 881.3 359.3 91.0 

SMD-23 881.0 361.0 91.2 

SMD-21 887.8 366.2 91.3 

SMD-26 885.4 360.7 90.2 

Average 883.7 360.9 91.1 

Std. Deviation 6.2 3.6 0.6 

%RSD 0.7% 1.0% 0.6% 

Table 5.5 Concentrations for Pt, Pd, and Rh in |ig/g for MS-481 Catalytic Converter 
Sample. 
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isotope ratios remained unchanged. Therefore, elements which are removed such as Ce, 

Ni, Fe are not interfering with Pt isotopes. The likelihood of a molecular interference 

occurring without these metals is remote, considering the high atomic weight of Pt and 

the absence of nearby peaks in the mass spectrum of the fresh catalytic converters. 

Based on the proof of concept indicated by the high precision and excellent 

accuracy for NIST 2556 and 2557, unknown catalytic converter samples were also 

analyzed to settle disputed measurements between suppliers and automobile producers. 

As examples, samples RGC-27-4 and GLW-02-3, were analyzed for Pt and Rh by the 

same methods described above. Pd was not measured in these converters because it was 

not added to the brick during the manufacturing process. The measured values for Pt and 

Rh in these samples are shown in Table 5.6. The high precision for this method is 

illustrated with the use of only 3 replicates in the analysis of RGC-27-4. In this blind 

test, our measured values matched well with the values determined by one of the parties; 

thus, accuracy was also indicated with ICP-MS. Only two replicate measurements of 

GLW-02-3 were performed since the third carius tube broke during dissolution. The 

measurement of Rh during the first replicate analysis was thought to be high.^ In this 

case, a third replicate and possibly more would be ideal to decrease the effect of a high 

measurement. However, even with this problem, precision near 2% was achieved. 

3.6 ICP-MS and Isotope Dilution Conclusions 

2 Three measurements are made per replicate. The first of these was significantly higher than the other 
two measurements in the first replicate but could not be thrown out by a Q-test. 
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Sample Replicate Pt conc (pig/g) Rh cooc (jig/g) 

RGC-27-4 1 2047 118.4 

2 2039 117.8 

3 2043 118.9 

Average 2043±3 1I8.4±0.6 

GLW-02-3 1 1337 95.9 

2 1339 93.2 

Average 1338±2 94.6±1.9 

Table 5.6 Measurement of Pt and Rh in Catalytic Converter Samples GLW-02-3 and 
RGC-27-4. 
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ICP-MS and ID-ICP-MS have demonstrated high precision and accuracy for the 

analysis of Pt, Pd and Rh in catalytic converter samples and standards after carius tube 

dissolution. A significant increase in Zr concentration, which is often present in later 

generation catalytic converters, causes isobaric oxide interference at '°^Pd. This 

interference is avoided by substituting the "^Pd/'°^Pd isotopic ratio for the "^Pd/'^^Pd 

ratio, normally used for Pd isotope dilution. Precision of 1% or better is achieved for Pt, 

Pd and Rh with this methodology, and the measured noble metal concentrations have 

been verified through analysis by NIST. This methodology is also applicable to almost 

any noble metal containing sample, particularly catalysts, because of the limited number 

of potential interferences. 

However, ID-ICP-MS analysis is time-consuming, meticulous, costly and requires 

highly trained personnel. Also, a clean, isolated laboratory is normally required for ICP-

MS analysis (a class 1000 or better clean room). For these reasons, ID-ICP-MS is not 

appropriate for on-site measurements at a converter manufacturing plant. Instead, this 

technology is appropriate for two main functions. First, ID-ICP-MS is recognized as the 

atomic technique for high precision and accuracy. ID-ICP-MS is thus able to provide 

validation of analysis acceptable for legal proceedings. Second, accurate fresh catalytic 

converter standards do not exist. ID-ICP-MS is a second analytical technique, which 

confirms the Pt, Pd and Rh concentrations obtained by ICP-AES. 
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Chapter 6 Laser Ablation- ICP-MS for Quantitative and Spatial Analysis 

Dissolution and solution analysis can be complex procedures as demonstrated by 

the analysis of catalytic converters in the previous chapters. High powered, pulsed lasers 

in the nanosecond to picosecond time frame can be used instead for direct sample 

introduction into an ICP. The pulse of light is focused onto the surface of the sample, 

which causes an "explosion," ablating particles into a stream of argon. A sensitive 

technique is then needed to analyze the resulting species, since lasers are focused down to 

small spot sizes for ablating. For example, if a 30 |i spot is ablated, approximately 20 ng 

of total solid will be transported to the ICP if 100% transport efficiency and a density of 

1.0 are assumed. Therefore, mass spectrometry in the form of a quadrapole ICP-MS 

provides the necessary sensitivity for analysis. 

The surface-laser interactions causing ablation have been studied (79-83), but are 

complicated and not well understood. In simple terms, a high irradiance (10' W/cm^) 

nsec pulse is incident upon the surface. Instantaneously, the sample is heated beyond its 

vaporization temperature both at the surface and below (81). Increased temperature and 

pressure create a "volcanic" explosion forcing sample particles into a stream of Ar, which 

is then atomized and analyzed in the ICP discharge. Figure 6.1 illustrates the hole created 

by a laser ablation system in our laboratory. The edges of the ablated hole are raised 



Figure 6.1 SEM Image of Laser Ablation Hole Approximately 50 |im in Diameter. 
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similar to a volcano with molten particles solidifying along the outside. The amount of 

ablation depends on laser irradiance and the sample matrix. To reduce matrix effects 

within the sample, laser ablation is usually performed with high irradiance, nsec, and UV 

lasers. For the work in this chapter, frequency quadrupled, 266 nm Nd:YAG lasers have 

been evaluated and used for analysis. 

6.1 Laser-Ablation ICP-MS System 

The ICP-MS system previously described in Chapter 3 is used for analysis in 

conjunction with laser ablation. A schematic of the modifications in the system is shown 

in Figure 6.2. Modifications from the previous ICP-MS setup are the laser, quartz 

ablation chamber, and a y-connector to couple Ar from the nebulizer and ablation 

chamber into the torch. Initial work indicated that Ar flow from both nebulizer and 

ablation chamber produces superior sensitivity to direct injection of Ar flow from the 

chamber, as described by Arrowsmith (83). Optimum parameters were determined by 

measuring S/N at various flow rates for the ablation chamber and nebulizer. While lower 

nebulizer flow rates produced higher signals, optimum S/N for Ag 107 was found at a 

nebulizer flow rate of 0.705 L/min and a chamber flow rate of 0.33 L/min. While flow 

rates could be optimized for each element, these values provided good sensitivity for all 

elements examined. 

One of the keys to good laser ablation is the performance of the laser. Two 

different lasers have been examined in this section. Both are q-switched, frequency 



Sample Chamber Mass Spec 

ICP Nebulizer and Torch 

Figure 6.2 Laser Ablation ICP-MS Configuration for Solid Analysis. 
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quadrupled NdiYAG lasers with an output @ 266 nm. The first is a Spectron SL 402 

(Finnigan MAT) with a 4 Hz repetition rate and a minimum pulse energy of 40 mJ @ 266 

nm. The second is a Big Sky CFR 200 compact I -20 Hz with minimnm pulse energy of 

20 mJ @ 266 nm. Both have control over the actual laser irradiance through control of 

the pulse lamp energy. The Big Sky system also spatially filters the beam by focusing the 

laser through a 400 jim pinhole to remove aberrations and produce small, uniform spots. 

Both systems are also equipped with low power, diode lasers, microscope objectives and 

video CCDs to locate actual ablation region on the sample prior to and following 

analysis. 

The laser ablation set-up was designed for coupling to the Firmigan laser system. 

Modifications in the size of the quartz ablation chamber were necessary for ablation with 

the Big Sky Laser due to the smaller optical pathlength of the laser; therefore, a second, 

smaller quartz-topped chamber was built. There are three major differences between the 

chambers. First, the chamber built in our laboratory is smaller by a factor of three. 

Second, the Finnigan chamber entrance and output ports are at 2 different heights. Third, 

the Big Sky chamber has a 1/32" entrance port and a 1/4" exit port. The larger exit port 

increases sensitivity and provides better homogeneity among the particles collected. A 

direct comparison between the two systems is difficult because of the differing lamp 

energies and output irradiances of the lasers. However, at the highest recommended lamp 

energies of each laser, only slight differences were found in the sensitivities of the lasers. 

Major differences in the systems include the size of the sample allowed and the size of 
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the hole produced by the laser. As a resiilt, the Big Sky laser is used for analysis of 

smaller area samples such as geological inclusions while the Finnigan system is used for 

general analytical samples, especially when a large chamber is needed. 

One of the assumptions normally made in laser ablation analysis is that the ion 

signal is relatively constant over time. Essentially, the laser must ablate similar size 

particles at a constant rate to achieve this goal. Mass spectral measurements can then be 

performed any time during ablation to achieve reasonable ion measurements. Figure 6.3 

shows the actual fluctuation over time in the ICP-MS system using the Big Sky laser. 

Analysis of a NIST copper SRM 500 sample shows a large peak for CuAr^. The CuAr^ 

peak is 3-4 seconds wide (FWHM) with an exponential decay following the peak. In 

contrast to the Big Sky laser, the Finnigan system CuAr^ peak is 8-10 seconds broad, 

decaying out to approximately 22 seconds. Two factors influence the time-intensity 

profile produced by laser ablation: the focus of the laser and physical properties of the 

sample. As an example, NIST glasses can produce a relatively constant signal (±20%) 

during ablation with the same laser. In the analysis of catalytic converters, the sample is 

flaky and easily fragments, thus a strong fluctuation is inherent in analysis. 

In normal operating mode, the quadrapole is scanned by hopping from peak to 

peak. If the signal at the time of measurement fluctuates significantly, a biased 

measurement will be made for the ion measured. As an example, NIST glass 612 was 

analyzed 9 separate times for various rare earth elements (REE). The result was a %RSD 

fluctuation in La and Ce of 22% and 16% respectively. Ratios of the elements within the 
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sample show a 25% RSD fluctuation and a 75% total spread, indicating that fluctuation 

within the same sample is not similar and cannot be corrected by an internal standard. If 

a precision of 10-20% is desired, this mode could be used; however, changes in 

methodology can increase precision. 

Instead of scanning the quadrapole, discreet ions are sequentially analyzed over 

time. In this mode of operation, selected ions are cycled through 64 msec measxirement 

intervals for a total run time of twenty-five seconds. Ions are measured two to four 

seconds prior to ablation and collected over the entire ablation period. Figure 6.4 

illustrates the measurement of Ag and CuAr for NIST SRM 498 copper standard. 

Ablated intensity is then calculated by summing the signal over 15 seconds fi-om the start 

of ablation, the point in time when signal is ten times the background. Normally, an 

intemal standard ion (in Figiire 6.4, CuAr is used) is measured; thus, for low ion 

intensities, the integration period is determined through evaluation of the intemal 

standard. Due to processing constraints, the system, which should have been able to 

handle as many as 20 ions in a single run, could only handle 2. Modifications such as 

increased RAM allow longer measurement times but do not measure an increased number 

of ions. 

6.2 System Evaluation for Big Sky and Finnigan Lasers 

Both lasers were evaluated for precision and sensitivity in laser ablation. 
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Analyses were performed on an oxygen free copper gasket as a function of laser power, 

sensitivity and reproducibility. NIST Cu rods 494, 495, 496, 498, 499, and 500 were 

used to evaluate detection limits and linearity of system using both lasers. 

Figure 6.5 gives a preview of the evaluation of the Big Sky laser using an 

approximately 4 mm^ area on the oxygen-free copper gasket. The row on the right side 

indicates hole sizes for increasing laser power in the ablation system. At low power, the 

laser creates a very small ablation pit, with little or no ion signal measured by the ICP-

MS. At the top of the figure, laser power has increased by increasing the lamp energy 

from 8.0 V to 11.5 V. Figure 6.6 illustrates how the two lasers compare in terms of ion 

intensity (integrated over 15 sec) versus Flashlamp voltage (directly related to laser 

power). At low power, ablation from the laser produces almost no signal. As the laser 

power is increased, ablation increases linearly. The Big Sky laser produces a similar 

increase in intensity for increasing lamp power. At the highest rated power, both lasers 

produce nearly equivalent signals. 

Precision and laser reproducibility are important parameters in laser ablation ICP 

measurement. Figure 6.7 shows the reproducibility in integrated ion signal using the time 

integration mode of operation. The top of the figure shows the reproducibility in the 

Finnigan laser at 1170 V lamp power for 120 shots. The Finnigan laser has a 3.9% RSD 

fluctuation without the first data point and 6.9% with the first point. Obviously, the first 

point could be removed using the q-test, however, anomalous points are problematic for 

laser ablation. The bottom of Figure 6.7 shows reproducibility for the Big Sky laser. 



Figure 6.5 Laser Ablation Holes made at Varying Lamp Power and Number of Shots for Evaluation. From Left to Right 
(first row) Varying Number of Shots, (second row) Repetitive Data Set (trird row) Varying Lamp Power. 
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which has a precision of 5.3% RSD. The Finnigan laser shows decreasing ion intensity 

while the Big Sky shows an increasing intensity with time. The reason for this non-

random fluctuation is unknown, considering that each measurement was made at a fresh 

site approximately 100 microns from the previous position. 

The systems have also been evaluated using peak height rather than integrated ion 

counts. Figure 6.8 illustrates the effect peak height. Both systems show increased 

linearity; however, precision for both lasers decreases to 10% RSD. As a result, 

subsequent laser ablation measurements have been made using the integrated count 

method as opposed to peak height. 

Laser ablation also has the ability to profile samples along the z-axis because 

ablation depth increases with the number of shots hitting the sample surface. As the 

number of shots is increased, thus increasing the time of laser-sample interaction, both 

the peak height and the time FWHM increase, resulting in increased ion intensity. Figure 

6.9 shows the result of changing the number of shots ablating the surface for each laser 

system. In each case, ion intensity and thus laser ablation depth increase linearly with the 

number of shots until the laser is defocused to the point of stopping ablation from the 

surface. The Firmigan laser stops ablating at approximately 25 shots (6.25 sec) while the 

Big Sky laser ablates for 60 shots (3 sec). The systems have been ftuther studied by 

purposely focusing the laser ablation focus either above or below the surface. In the first 

case, ion intensity decreases by half while a focus below the surface actually increases 

ablated intensity by 10%. Purposely defocusing the laser, verifies the idea that the laser 
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is being defocused with increasing shots of the laser. By monitoring the system in time, 

laser ablation can be used to depth profile materials with varying micron size layers. An 

example is the work done by Thomas on ceramic and semiconductor samples with 

different spatial layers of material (84). 

6.3 Analysis of NIST Copper and Glass Samples 

Reproducibility and power fluctuation are obvious concerns in laser ablation; 

however, with intemal standard correction, the effect of fluctuations is minimized 

resulting in increased analytical accuracy. NIST copper and glass samples are analyzed 

in this section to evaluate laser ablation methodology. While a number of elements are 

present in both samples. As and Ag have been chosen for calibration and analysis. Other 

elements such as Pb and U have been analyzed for analytical sensitivity. 

Figures 6.10 and 6.11 illustrate calibration curves for Ag and As with the 

Finnigan laser. In each case, the element of interest demonstrates good linearity over the 

range of concentrations examined. In fact. As has an of 0.9995 over more than three 

orders of magnitude. CuAr @ 103 amu stabilizes the measurement of each element, 

acting as an intemal standard to remove variation in ablated material between samples. 

Calibration without an intemal standard increases fluctuation to more than 10%, which 

also decreases linearity. The Big Sky laser produces similar calibration curves for Ag 

and As in the NIST Cu rods. Also, detection limits for both As and Ag as well as Pb, Bi, 

and Au in Cu rods have been determined. While a major advantage of laser ablation is 
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elimination of dissolution steps, further advantage over solution analysis may be realized 

by eliminating isobaric interferences produced by dissolution acids. For example, in the 

analysis of As, CI from HCl is present following dissolution. ArCr forms an isobaric 

interference at 75 amu, the precise location of monoisotopic As. Analyzing Cu rods 

directiy eliminates the interference and increases As sensitivity. 

NIST glass 614 has also been analyzed by laser ablation. The glass ablates slower 

than the softer copper rods, as illustrated in Figure 6.12. The slower ablation rate 

eliminates the peak shape in the time axis, creating a pseudo steady-state ion signal. 

However, fluctuations of 20% are still found using the peak-hopping mode of analysis. 

Subsequentiy, time-mode integration and use of an intemal standard are required for 

accurate calibration and elemental analysis. 

Detection limits for laser ablation of both copper rods and glass have been 

determined for multiple elements using a water blank and using 3ct as the variation in Cl-

The results are included in Table 6.1, indicating the sample of analysis. Detection limits 

range from 6-200 ng/g with an average value of 45 ng/g using a lamp power of 1170 V on 

the Fiimigan laser. Cl was measured over a wide m/z range with increased sensitivity in 

glass samples due to the increased measurement window in laser-sample interaction. 

While Cl is dependent on laser power, isotope analyzed, and sample medium, these 

detection limits indicate the sensitivity available for laser ablation ICP-MS analysis. 

6.4 Pb Isotope Dating of Zircons 
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Figure 6.12 Laser ablation analysis of Pb in NIST 614 Glass with Finnigan Laser using 7 sec delay time. 
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Element Isotope Detection Limit (3(y) Sample Analyzed 

As 75 54 ng/g NIST Cu Rod 495 

Ag 107 6.6 ng/g NIST Glass 614 

Ag 107 64 ng/g NIST Cu Rod 496 

Cd 114 25 ng/g NIST Glass 614 

Sb 121 21 ng/g NIST Glass 614 

Eu 151 57 ng/g NIST Glass 614 

La 159 17 ng/g NIST Glass 614 

Au 197 203 ng/g NIST Cu Rod 499 

Pb 208 18 ng/g NIST Glass 614 

Pb 208 50 ng/g NIST Cu Rod 494 

Bi 209 34 ng/g NIST Cu Rod 494 

Th 232 27 ng/g NIST Glass 614 

U 238 13 ng/g NIST Glass 614 

Table 6-1 Detection limits for laser ablation on NIST Cu and glass samples. 
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Results from the previous sections indicate that laser ablation ICP-MS provides an 

accurate and sensitive means of analysis. In this section, laser ablation will utilize these 

abilities in accurately dating zircons through Pb isotope ratio analysis. By using laser 

ablation, difficult and time-consuming dissolution steps can be avoided, while 

maintaining the high sensitivity of ICP-MS for low levels of Pb and U. 

Geochemical age can be determined by measuring daughter products of 

radioactive isotopes such as and ^^Th. Concentrations of U and Th are 

normally sub-ppm except in silica rich materials in which the major component is Th, U 

or is replaced by either. Materials with increased concentrations include zircons, 

monazites, xenotimes, and thorites. Analysis of ppm levels of U and Th in these 

materials provides a simple method for dating geological material. The basis for dating is 

radiogenic decay of U or Th to Pb. 

238u >. 206p|j ^1/2= 4.47*10'years 

235u y 207p|j 0.70*10^ years 

^^xh > 2°®Pb t'^= 14.0*10'years 

The decay in each case occurs through a number of intermediate radioisotopes; however, 

the half-life of each intermediate is much shorter than the decay of U or Th to Pb. 

Therefore, geological dating can be performed measuring U and Pb isotopes while using 

the rate of decay of the radioisotope. 
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Several factors must be considered for geological dating through U decay. First, 

the material should have a high concentration of U and retain both U and Pb. Zircons, 

tetrahedral minerals formed from ZrSi04, have U concentrations in the 100-4000 ppm 

region and retain U, Pb and Th. Also zircons are found in a wide variety of rocks, thus, 

rocks from many areas can be dated. Second, zircon is difficult to dissolve by 

conventional dissolution methods. Typically, zircon samples are dissolved in 50% HF 

using steel bombs under high pressure and temperature for at least a week. Small sample 

sizes and the purity of the solvents complicate dissolution. Third, loss of either parent or 

daughter elements can cause inaccurate results due to unforeseen geological events. 

Analysis of ^°^Pb/^°^Pb eliminates the need to measure concentration and avoids errors 

from loss of Pb, U, or short-lived intermediates during the lifetime of the zircon. 

Furthermore, laser ablation ICP-MS avoids dissolution of zircon while also measuring the 

206 and 207 isotopes of Pb for more accurate dating compared to Pb/U methods. 

Fluctuation of ^°^Pb/^°^Pb has previously been examined in Chapter 3 and Figure 

3.4 in the analysis of NIST Pb isotopic solution 981 by solution ICP-MS. Analysis of the 

isotopic ratio is accurately determined at 1.100 ± 0.015. Laser ablation analysis is 

different both in the time mode of analysis and in the use of a laser for sampling. An 

example of Pb isotopic analysis in the time mode is illustrated in Figiore 6.13. In this 

case, ^°^Pb and "°^Pb fluctuate similarly in the time axis. The result is a precise 

measurement of ^°^Pb/^°^Pb at 1.232 with a %RSD of 0.6%. Dating can then be 

performed with equation 6-1 shown below. 
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137.88 
1 - 1 

- 1 
(6-1) 

where 137.88 is derived from the natural ratio. A., is the decay constant for 

(9.85*10"'° y'), and is the decay constant for (1.551*10"'° y"'). The faster decay 

rate of leads to an increase in the ratio at longer times in the range of 

billions of years. If the ^°^Pb/^°^Pb ratio from the Cu analysis is substituted into equation 

(6-1), an inaccurate result will be obtained for the age of the Cu rod material at over 6 

billion years old (older than the earth). This example illustrates the assumption that all 

Pb is radiogenic in origin. Since zircons vath high U and low natural Pb concentrations, 

accurate dating can be determined by Pb ratios without corrections for natural Pb. 

Zircons are analyzed by laser ablation using the Big Sky laser and ablation 

chamber previously described. The Big Sky laser produces smaller hole sizes and has a 

better optical viewing train, which is ideal for finding and ablating small-sized zircons. 

Increases in laser energy, resulting from increases in lamp power are required to ablate 

the hard zircon material; thus, lamp energy of 11.06 J is selected for zircon analysis. 

Lamp energy of 10.05 J results in almost no ablation pit and a reduction in ion signal to 

near blank levels. An intensity-time profile for a zircon at an age of 554 mA (mA = 10® 

years) is illustrated in Figure 6.14. In this figure, the zircon is ablated for 10 seconds 

while measuring "°®Pb and ^°^Pb every 144 msec during the measurement period. Based 

on the intensity profile, the ablation continues for 10 seconds with increasing Pb signal 
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until the laser is switched off, resulting in decay. Isotope ratio data for blank subtracted 

^°^Pb/^°^Pb is included in the bottom half of the figure for the same nm. Initially, the 

ratio produces large randomly distributed ratios mostly on the negative side of the axis. 

These values represent random noise in the measurement of the blank; thus, they have 

been replaced with zero to prevent distortion in the axis. 

Based on the plot in Figvire 6.14, -°^Pb/^°^Pb demonstrates a large fluctuation 

across the time axis. At approximately two seconds, where ablation initiates, the Pb ratio 

exhibits a large initial fluctuation followed by a signal fluctuation of approximately 100% 

over the normal measuring region. While fluctuation of 100% might at first appear to 

significantly limit the precision of the measurement, most the fluctuation is due to 

increases or decreases in the amount of zircon ablated. Since a similar time pattern is 

derived for each isotope, consistent and accurate measurement can be made for Pb 

isotope ratios by integrating the measurement of the ratio over the entire ablation period. 

Table 6.2 and Figure 6.15 include measurement of Pb ratios on zircons of known ages. 

Separate zircons were measured for each of the three age groups, while three zircons were 

measured for the oldest age (3580 mA) and are included as separate measurements. As 

the zircon increases in age, the faster decay of increases the ^°^Pb/^°^Pb isotopic 

ratio. 

Fluctuation of ratios within the same zircon is between 1.7 and 5.5% while 

fluctuation between zircons of the same age is 5%. In comparison to the peak hopping 

mode of analysis, integration over time provides better precision and increased accuracy 
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Age 207pb/206pb Corrected 207pb/206p|, # of measurements %RSD 

88 mA 0.056 0.048 2 1.7% 

554 mA 0.068 0.060 5 3.1% 

3580 mA 0.312 0.304 3 3.4% 

3580 mA 0.283 0.275 4 5.4% 

3580 mA 0.301 0.293 3 3.6% 

Table 6.2 '°^Pb/°'Pb Ratio Data for Zircons analyzed by LA-ICP-MS. mA = 10® years. 
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Figure 6.15 Plot of ^'"Pb/'^Pb Ratio with Age of Zircon using LA-ICP-MS. 
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compared to the data found in Figure 6.14. Based on the data found in Figure 6.15, the 

measurement of Pb isotopes is reasonably accurate. In all cases, zircon age was 

determined within the expected error of measurement. This technique was compared 

against ^®U/^°^Pb ratio measurement using laser ablation and, as expected, analysis with 

Pb ratios increased accuracy and precision. Garnets of various ages were also analyzed 

by laser ablation; however, the Pb concentration was below detection limits for the Sola 

ICP-MS system. Overall, ratios of Pb isotopes using laser ablation are an accurate means 

of determining the age of zircons without sample dissolution and with minimal sample 

consumption. 

6.5 Spatial Analysis of Catalytic Converters 

The second application for laser ablation is the spatial analysis of catalytic 

converters. An intact fresh catalytic converter from lot MS-481 has been selected and 

spatially analyzed by laser ablation ICP-MS for Pt, Pd, and Elh. A specific region 12.5 

cm X 2.5 cm has been analyzed at a depth of 2.5 cm from the outside of the converter. 

Figure 6.16 illustrates the region, which has been prepared for analysis. Since the whole 

converter does not fit into the ablation chamber, the prepared region has been cut from 

the brick at a depth of 1.2 cm and ftirther cut into four segments, 2.5 cm to 3.8 cm 

lengths. Each section was analyzed along the x-axis in subsections approximately 0.1 

mm^ in area. Twenty-five separate subsections were analyzed across the brick at an 

approximate spacing of 5 mm between each subsection. Information collected at small 
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Figure 6.16 Diagram of MS-481 Brick for Spatial LA-ICP-MS analysis. 
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subsections along the y-axis indicated similar fluctuation to the x-axis. 

The catalytic converter was analyzed using the Fiimigan laser and ablation 

chamber due to the large size of the samples. The Finnigan laser was set to a low lamp 

power of 1105 V to analyze smaller sample areas (< 30 n diameter holes) and to maintain 

lower ion signals, which prevent "dead-time" errors on the electron multiplier. Flow rates 

of 0.333 L/min (chamber) and 0.714 L/min (nebulizer) were chosen to provide optimum 

signal to noise for measurement. A major concern for this analysis is the interaction of 

the laser with the catalytic converter sample. The sample is brittle, contains many loose 

particles, and has a wall thickness of approximately 300 between sections. In early 

experiments, particles large distances from the ablated region were ejected from the 

surface of the sample by vibrations during ablation and were subsequently collected in 

the Ar stream at. These particles caused an increase in analyte signal from areas not 

being sampled. Therefore, the loose particles were removed from the surface of the 

sample prior to analysis using an air gun. 

Laser time profiles of converter material indicated fluctuations in both the FWHM 

of the time peak and in the amount of ablated material between runs in the same 

subsection. Multiple peaks, typically early in the time spectrum, were sometimes found 

in the time axis, revealing inconsistent ablation of the converter material. Cracking and 

fragmentation of the washcoat are believed to cause these discrepancies in ablation 

between runs. Large discrepancies in ablation were also found in positioning of the laser 

relative to the sample (i.e. if ablation occurs in the middle of cutout, a larger signal is 
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typically found.) As a result, use of an internal standard is required for accui^te 

measurement in localized regions of catalytic converters to a greater extent than either Cu 

rods, NIST glasses or zircons. Ions were measured with an electron multiplier 

performing 10 measurements, each with a 16 msec dwell time per ion per cycle. Since 

only two isotopes could be collected per run, "^Pt, '°^Pd, and '°^Rh were collected 

separately with a '^^CeO internal standard. Each PGM element was measured at four 

separate regions within each subsection to average localized inhomogeneities within a 

200 ^m X 100 jam area. Further measurements were performed with ^'*MgAr as an 

internal standard. The Mg internal standard differs from Ce in that Ce is derived from the 

washcoat while Mg is derived from the cordierite backbone. Fluctuations in PGM 

concentrations could then be separated from fluctuations in washcoat concentration along 

the brick. 

Fluctuation in relative PGM concentration along the x-axis of the converter is 

illustrated as a ratio to CeO in Figure 6.17. Traditionally, Pt, Pd, and Rh are added to the 

converter by a dip-coating process in which the brick backbone is first dipped into a 

ceria/alumina washcoat and then dipped into a PGM solution. The results in Figure 6.17 

illustrate the type of fluctuation expected from this process. Localized relative PGM 

concentrations fluctuate between 59-64% (Pt = 59%, Pd = 64%, and Rh = 60%) relative 

to the average value with %RSDs ranging from 16-18%. Pt without an internal standard 

fluctuates of 183% of the average value with a %RSD of 45% across the length of the 

converter, which is the reason for using an internal standard. Confirmation that 
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fluctuation is due to PGM concentration rather than cerium is illustrated through using 

Mg as an internal standard. A comparison of Pd/MgAr and the Pd/CeO is shown in the 

top of Figure 6.18. The two ratios have opposite fluctuations between 6 and 10 cm. 

Since Pd is the only element common to both plots, Pd must be the major source of 

fluctuation. An extension can then be made to Pt and Rh fluctuation. 

Two points are illustrated through the analysis of the fresh catalytic converter 

brick. First, the catalytic converter has large localized inhomogeneities for Pt, Pd and Rh. 

Sampling of the brick must take into account that PGM concentration is higher in the 

middle of the converter with large fluctuations across the brick, therefore, accurate 

analysis requires sampling of the entire brick. Second, spatial analysis has been 

demonstrated for laser ablation. While the fresh catalytic converter does not have 

designed localized regions of PGM concentration, laser ablation has demonstrated the 

ability to detect changes on the mm scale on a well characterized sample. However, some 

catalytic converters are designed with localized regions of active metals or activators to 

perform specific fxmctions and little is known about the spatial concentrations at these 

regions. Laser ablation of one example is demonstrated below for a brick coated with 

three distinct regions of Pt-Rh and Pd. 

In this converter design, Pd is added to half of the converter while Pt-Rh is added 

to the other half. In this case, analysis is designed to determine if the process produces a 

knife edge or gradual change in PGM concentration across the length of the brick. Pt, Pd 

and Rh in the converter were analyzed against CeO for 2.5 cm segments. The result is 
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shown if the bottom half of Figure 6.18, where the ratio to CeO is plotted against segment 

# from top to bottom. Figure 6.18 shows that the converter contains three distinct areas: a 

region of Pd, a region of Pt-Rh and a region containing all three. All three elements show 

a gradual change in concentration across the converter rather than a knife edge. For 

catalytic converters, laser ablation is viewed as a macroscale spatial analysis technique to 

find localized regions of concentration. Once these regions have been located, other 

analytical techniques can be used to determine the actual microscale chemical 

environment of the metals. 

6.6 Laser Ablation Conclusions 

Laser ablation has been demonstrated to have the ability to analyze samples 

directly for elemental or spatial information. Analysis by laser ablation eliminates the 

time-consuming processes of sample digestion and sampling. By coupling with ICP-MS, 

laser ablation has proven to be very sensitive, producing detection limits in the range of 

6-200 ng/g in the solid. However, laser-sample interaction is complicated and heavily 

influenced by the type of sample analyzed. Copper rods (Figure 6.3 and 6.4), NIST 

glasses (Figure 6.12), zircons (Figure 6.14), and catalytic converters ablate differently in 

the time domain. Samples such as glass ablate with a relatively constant signal while 

delicate samples such as catalytic converters ablate in multiple peaks. In cases where a 

non steady-state signal is produced, ion integration over time and the use of internal 

standard ions allow qualitative and semiquantitative Pt, Pd, and Rh analysis. 
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Laser ablation has also been demonstrated for the analysis of zircons. In the 

analysis of zircons, geological age has been determined through the measurement of Pb 

ratios. Laser ablation has two advantages in this case. Direct analysis eliminates time-

consmning sample dissolution and the small sampling area corresponds well to the small 

size of the zircons. While the measurement of Pb ratios has significant fluctuation due to 

ablation, measured ages have matched reasonably well to expected age. 

Laser ablation has also demonstrated the ability to spatially analyze catalytic 

converters for active PGM metals. Laser ablation is viewed as a complementary 

technique, which can be used to locate specific regions of localized concentration. In 

many cases, these regions are specifically designed to produce new catalytic 

characteristics in the converter. Laser ablation can characterize these regions for 

macroscale elemental information. Based on this information, design can be modified 

and optimized for catalytic converter production. 
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Chapter 7: Future Directions 

Although most of the research in this dissertation has been applied to the analysis 

of catalytic converters, ferric chloride carius tube dissolution followed by multichamel 

array detector ICP-AES analysis is directly applicable to a wide range of samples. Other 

samples, which are difficult to dissolve and analyze, include geological minerals and 

noble metal catalysts such as the Pt-Re catalyst used for petroleum processing. Noble 

metal catalysts can be manufactured with a wide variety of inorganic supports such as 

alumina, silica, ceria, clays, and zeolites, all of which can present problems in 

dissolution. Furthermore, additives such as rare earth oxides, titanium dioxide and 

zirconixmi dioxide can further complicate dissolution. Geological samples also contain 

high concentrations of lanthanide elements in a complicated matrix. For example, 

monazite rocks typically have CeOi abundance of 40% or higher (62). The presence and 

concentration of these matrix components in the above samples would typically limit 

dissolution. The addition of ferric chloride, however, increases the oxidation capacity of 

the carius tube and should enhance dissolution of both noble metal catalysts and 

geological materials. These sample matrices, particularly the presence of rare earth 

elements and zirconium, limit the accuracy and precision of conventional ICP-AES 

detection. However, multichaimel ICP-AES should solve these problems through 

flexibility in analytical wavelength selection and the high resolution of the echelle 

spectrometer. 
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Further studies should also be performed to verify the mechanisms by which 

ferric chloride enhances carius tube dissolution. Although enhancement in dissolution is 

hypothesized to be caused by favorable oxidation and reduction reactions of Fe (III) to Fe 

(II) coupled to noble metal dissolution, electrochemical studies could be performed to 

verify this hypothesis by measuring the Fe species in solution. However, analysis would 

be contingent upon separating interfering species from the Fe in solution. Furthermore, 

mechanisms for hot plate dissolution using ferric chloride could also be studied and 

compared to carius tube dissolution mechanisms. Through these measurements, further 

improvements could be made in noble metal reclaiming. Ferric chloride may also 

enhance altemate noble metal dissolution techniques such as microwave digestion, which 

would significantly decrease dissolution time for catalytic converter samples. 

Array detector ICP-AES has demonstrated improvements in sensitivity and 

precision compared to single chaimel PMT detection. However, while modifications in 

detection reduce wavelength fluctuation and improve precision to an average of 0.3% 

RSD, the shot noise limit for precision has not been achieved. NIST has recently 

developed algorithms to correct for intensity ratio fluctuations in ICP-AES using SCD 

detection (86). In the future, combination of readout modifications and NIST algorithms 

could be used to further improve precision to 0.05% RSD or better. High concentration 

(i.e. 1000 |ig/ml) atomic standards could then be analyzed with high precision and 

accuracy using ICP-AES, rather than using coulometric or isotope dilution analysis. By 

further increasing the resolution of the ICP-AES system, detection with increased center 
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subarray sizes could also be applied to Pt, Pd and Rh analysis in catalytic converter 

samples to increase precision and accuracy in the method. 

Laser ablation has been used for the quantitation and spatial analysis of elements 

in a solid sample without dissolution. While ICP-MS provides high sensitivity to analyze 

small ablation volumes, laser ablation ICP-AES could be used for the analysis of ^g/ml 

concentrations of noble metals. For the spatial analysis of catalytic converters, this set-up 

would have improved analysis speed and true multielement simultaneous detection 

compared to LA-ICP-MS. However, by using ICP-AES, sensitivity would decrease. 

Nonetheless, noble metal concentrations in catalytic converters are high enough such that 

sensitivity would not be an issue. 

Recent improvements have been made in the field of ICP-MS. Electric-magnetic 

sector and Time of Flight instruments have been developed with significant increases in 

both ion throughput and mass resolution. Also, ICP-MS multicollector systems, which 

consist of multiple detectors placed at the position of important ions dispersed in a sector 

mass spectrometer, have been developed. These ICP-MS systems allow simultaneous 

collection of ions to eliminate flicker noise and system drift during the measurement of 

isotope ratios. Isotope ratio measurements have increased precision with these systems, 

resulting in increased precision for ID-ICP-MS and specifically Pt and Pd analysis. 

Laser ablation can also benefit from technological improvements in ICP-MS. 

Detection limits for our laser systems were found in the 6-100 ppb range for the analysis 

of solids. In many instances, this sensitivity is adequate for the analysis of trace metals in 

rocks and industrial materials. Geological dating with Pb in garnets, however, is 
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impossible due to the trace levels of radiogenic Pb found in the material. Through 

increases in sensitivity found in newer ICP-MS instruments, dating of garnets should 

become possible. While precision in laser ablation measurements on zircons has been 

evaluated at 2-5% RSD in the measurement of isotope ratios, increases in sensitivity will 

provide more accurate measurement of isotope ratios for younger ages (Pb and 

specifically ^°^Pb concentrations are lowest for zircons of this age). Also, multicollector 

detection could significantly increase the precision of isotope ratio measurements for Pb 

isotope dating. Furthermore, laser ablation is normally limited by the fluctuation of 

material into the ICP-MS. With simultaneous collection of isotopes, internal standard 

corrections would improve compared to current detection methods. 
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