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ABSTRACT 

A novel instrument for simultaneous multielement graphite furnace atomic 

absorption is described. This instrument employs a continuum light source and an 

echelle-charge injection device array detector system to achieve both simultaneous 

analysis of multiple wavelengths and true simultaneous background correction. The 

charge injection device detector also allows continuous wavelength coverage from 400 -

190 nm. Multichannel GFAAS analysis improves not only analytical speed but enables 

the use of elements resistant to matrix effects to assist in the identification of matrix 

effects in other elements and confirmation of calibration accuracy. 

The research project described discusses not only basic instrument design but also 

practical application of the new design to current analytical problems. Analysis of Ag, 

Pb, Tl, Cr, and Mn in drinking water, and red table wine allowed not only evaluation and 

investigation of instrumental problems but also allowed investigation of the various 

chemical problems associated with simultaneous multielement determinations in general. 

Multielement analysis involves the use of compromise furnace conditions, and 

matrix effects can further complicate multielement determinations. The use of chemical 

modifiers such as a mixed Pd(N03)2 and MgCNOs): modifier provide a partial solution to 

some of the problems associated with multielement determinations. 

For the two applications, the analytes were split into two groups. One group 

analyzed Ag, Pb, and Tl and the other analyzed Cr and Mn. The modifier system was 

applied to the Ag, Pb, and Tl analysis. For drinking water, analytical results were 
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obtained with errors and RSD's less than 10%. The modifier system was not effective 

when water solutions contained high levels of Na and Ca. For red wines, the modifier 

system was effective for Ag, Pb and Tl. However, maximum pretreatment temperatures 

were approximately 100 - 200 °C lower than that of high purity water. No detectable 

levels of Ag or Tl were found in any of the wine samples analyzed. Trace levels of 

approximately 20 ppb Pb and Cr were detected in several red wines. Levels of Mn 

approached 1 ppm. Matrix effects were found to suppress the Pb signal and enhance the 

Tl signal. Sample recoveries for both elements typically ranged from 80 — 120%. 
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1 INTRODUCTION TO MULTIELEMENT GFAAS 

1.1 Overview 

Graphite furnace atomic absorption spectroscopy (GFAAS), also known as 

electrothermal atomization spectroscopy, is a useful elemental analysis technique. For 

many elements, GFAAS offers detection limits superior to those of inductively coupled 

plasma atomic emission spectroscopy (ICP-AES). Furthermore, the nature of sample 

introduction allows samples to be measured with little or no preparation. For example, 

GFAAS has been used to successfully analyze samples such as whole blood without 

extensive sample pretreatment [1]. Moreover, sample consumption in GFAAS is much 

lower than that of ICP-AES, meaning that experiments can be conducted on a microscale 

level, consuming lower quantities of expensive standards and generating lesser amounts 

of waste. 

However, many analytical laboratories have discontinued the use of GFAAS for 

several reasons. Foremost, elemental analysis by GFAAS is slow. Although a few 

commercial multielement GFAAS systems exist, most commercial instruments are of a 

single element design. With a typical analysis time on the order of one or more minutes 

per sample per element, sequential multielement determinations using GFAAS are time 

consuming. Furthermore, such single element systems require the use of multiple light 

sources, such as hollow cathode lamps or electrodeless discharge lamps, to analyze all of 

the elements of interest in a given solution. Moreover, GFAAS is susceptible to matrix 
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effects, which often require the use of a matrix modifier or a standard additions method to 

achicvc the desired analytical accuracy and precision. 

The purpose of this project was to develop simultaneous multielement graphite 

furnace atomic absorption methodology for the analysis of trace metals in drinking water 

and red wine. In addition, this project continued the development of the continuum 

source simultaneous multielement graphite furnace atomic absorption spectroscopy 

(CSME-GFAAS) instrumentation originally designed by Denton and True [2]. During 

the course of this research project, fundamental problems such as element compatibility, 

dynamic range, matrix effects, and matrix modification in simultaneous elemental 

analysis by CSME-GFAAS were addressed. Furthermore, potential limitations in the 

present CSME-GFAAS system were identified and potential future solutions were 

suggested. 

1.2 Basic Graphite Furnace Atomic Absorption Spectroscopy 

A block diagram of a basic GFAAS system is provided in Figure 1.1. Modem 

commercial GFAAS instruments contain the following components; a line source, an 

electrothermal atomizer, a monochromator, a detector, and readout electronics. In 

addition, modem instruments are equipped with a background correction method. The 

line source, typically a hollow cathode lamp, provides a narrow band of wavelengths 

corresponding to the elements bound to the cathode in the lamp. Because the line source 

sets the bandwidth, only a low-resolution monochromator is required. Finally, a 

photodetector, usually a photomultiplier tube (PMT), is used for detection at the exit slit. 
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Graphite Furnace 

Hollow Cathode 
Lamp 

Cross-section 
View of Graphite Furnace 

A 

Low Resolution 
Monochromator 

with PMT Detector 

Figure 1.1: A basic graphite furnace atomic absorption spectrometer. 



28 

An analysis of an aqueous sample is begun by either injecting or spraying 10 -

100 loL of the sample through the dosing hole into the graphite cuvette. The cuvette is 

then heated through a series of steps under a particular purge gas. A sample furnace 

program is presented in Table 1.1. These steps are as follows: drying, pyrolysis, 

atomization, and cleaning. 

The purpose of the drying step is to remove any solvent from the sample. The 

sample must be dried slowly. If the cuvette is heated too rapidly, the solvent may boil 

and splatter through the dosing hole, resulting in analyte loss. 

After drying, the sample is subjected to one or more thermal pretreatment steps to 

reduce matrix constituents. The Thermo Jarrell Ash CTF-188, the atomizer used in this 

research project, has two thermal pretreatment steps, Pyrolysis 1 and Pyrolysis 2. Air-

ashing, which can be performed during Pyrolysis 1 step, is also referred to as oxygen 

ashing. Oxygen ashing is used only with matrices of high organic content such as blood. 

Air is introduced into the fimiace during this heating step. Oxygen from the air prevents 

the formation of carbon residue therein that may influence atomization of the analyte. 

However, care must be taken to use lower temperatures (< 800 *^C) to prevent 

degradation of the furnace cuvette [3]. 

Following oxygen ashing, a second pyrolysis heating step is conducted under an 

inert atmosphere, such as nitrogen or argon, to remove any remaining matrix constituents 

that may interfere with the analysis. To remove these constituents, a high temperature is 

often employed. If the temperature is too high, some of the atomic salts may evaporate 

and dissipate through the dosing hole prior to atomization, resulting in analyte loss. 
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Step Temperature (^C> Ramp Time (s) Hold Time (s) 
Dry 120 45 10 

Pyrolysis 1 600 10 30 
Pyrolysis 2 600 0 2 

Atomize 1400 1 5 
Clean 1800 0 2 

Table 1.1: Sample furnace program for the determination of Pb in water. 
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However, as will be illustrated in later chapters, matrix modifiers can be used to prevent 

analyte evaporation and enable the use of higher temperatures [3]. 

For the experiments outlined in this research project, oxygen ashing was not used. 

Therefore, Pyrolysis I was used to thermally pretreat the sample in the presence of argon. 

The Pyrolysis 2 step was set to the same temperature as Pyrolysis 1, and the time was set 

to two seconds. 

During the atomization step, the cuvette is rapidly heated to the atomization 

temperature. This rapid heating atomizes the atomic salts, creating an atomic vapor 

inside the furnace. Elements in the atomic vapor then absorb light from the line source. 

The change in light intensity can then be measured using a photomultiplier tube or other 

type of photodetector. Over time, the atomic vapor dissipates through the dosing hole 

[3]. 

Figure 1.2 depicts the output from a typical graphite furnace measurement. 

Calibration and analysis of unknown samples is performed by plotting the areas of the 

absorbance vs. time curves for a series of standards of increasing concentration [4]. 

Often, in the course of atomization, broad band light absorbing or light scattering 

species are generated. To generate an absorbance curve that truly reflects absorbance 

from analyte atoms, a background correction method needs to be employed. The three 

most common methods are the use of a continuum source (deuterium lamp), self-

absorption, and the Zeeman effect. 

To correct for background absorbance using a continuum source such as a 

deuterium lamp, a rotating chopper is employed to alternately pass light from the 
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Figure 1.2: A typical graphite furnace measurement, Absorbance vs. Time plot for 10 
ppb Ag taken on the instrument used in this project. 
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deuterium lamp and the line source through the sample. If the slit width of the 

monochromator is wide enough, absorbance of continuum light by the atomic vapor will 

be minimal, and a change in signal from the deuterium source will reflect a change in 

background absorbance. Therefore, a background subtracted absorbance signal can be 

determined [5]. 

A background correction method that does not employ a second light source is the 

self-reversal method. When a high current is applied to a hollow cathode lamp, the 

energy of the excited species becomes high enough to form a cloud of atoms that are not 

excited. These unexcited atoms absorb the light emitted from the excited atoms, resulting 

in the effect known as self-reversal, illustrated in Figure 1.3. At high lamp current, the 

output peak is considerably broadened and the intensity at peak center is reduced. To use 

this method to correct for background effects, the light source is alternately held at high 

and low current. When the light source is at low current, the total absorbance is acquired. 

When the light source is at high current, the absorbance due to the background is 

obtained. Using this information, a background corrected absorbance signal can be 

calculated [5]. 

Another commonly used method of background correction employs the Zeeman 

effect. Although there are several methods of employing Zeeman background correction, 

a simple example will be provided here. Furthermore, only a qualitative treatment of the 

Zeeman effect will be presented as more mathematical treatments can be found in the 

literature [6]. 
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Figure 1.3: Self-Reversal Background Correction 
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When a source of atomic absorption or emission lines is placed in a magnetic 

field, these lines are split to energies slightly higher and lower than the absorption or 

emission wavelength. The lines are also split into differing polarities, depending on how 

the magnetic field is applied. An example of normal Zeeman splitting is shown in Figure 

1.4. 

The Zeeman effect can be used to correct for background absorbance by chopping 

the line source with a polarizing chopper and applying a magnetic field to the graphite 

furnace. A diagram of the Zeeman background correction apparatus is shown in Figure 

1.5. With this configuration, the line source alternates at polarity a and n, whereas the 

central absorbance line is fixed by the magnetic field at polarity n. Light from the source 

can only be absorbed by the analyte when in the correct polarity. Therefore, lo is 

obtained when the source is emitting at polarity CT, and I is obtained when the source is 

emitting at polarity n. Because I and lo are being measured closely in time, any broad 

band absorbing or scattering species present in the furnace will affect the signal of both I 

and lo [5]. However, for the Zeeman effect correction, as with each of the common 

background correction methods, although background is measured closely in time with 

analyte absorbance signal, none of the listed methods provide truly simultaneous 

background correction. 

L3 Attempts at Simultaneous Multielement GFAAS 

In an attempt to achieve faster analysis using GFAAS, several multielement 

furnace systems have been designed, some of which are available commercially. These 
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Figure 1.4: The normal Zeeman effect. The center atomic line is split into three 
components. 
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Figure 1.5: Zeeman effect background correction. 



37 

instruments fall into two basic categories: instruments that employ multiple line sources 

and instruments that employ a continuum light source. 

1.3.1 Multiple Line Source Systems 

The most common line sources in atomic absorption are hollow cathode lamps. 

Most systems employ single element lamps, because multielement lamps are usually 

restricted to two to four elements with similar properties [7]. Thus, traditional line source 

instruments are limited to one element, and many commercial GFAAS systems are single 

element. One solution to this problem has been the development of systems employing 

multiple hollow cathode or electrodeless discharge lamps. Several systems have been 

developed. The following description lists several of these commercial systems and one 

recently developed research instrument. 

The Hitachi Model Z-9000 is one of the simplest approaches to multielement 

GFAAS. In this instrument, four hollow cathode lamps, four monochromators, and four 

PMTs are employed to simultaneously monitor four elements. The different sources are 

each focused through the graphite furnace and then into each monochromator. To correct 

for background effects, the Zeeman effect is employed. This instrument has been used to 

determine trace elements in silicate reference materials [3] and to study new data 

processing methods to extend dynamic range [7]. 

Thermo Jarrell Ash Corporation has developed an instrument, the AA Scan 4. 

which is capable of simultaneous determination of four elements in a graphite furnace. 

Their instrument employs multiple light sources but only a single monochromator and 

PMT. To analyze different lines, a mirror is placed on a galvanometer to sequentially 
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transmit light from each line source into the insirument. In a similar fashion, the 

monochromator grating is also on a galvanometer to sequentially focus the analytical 

wavelengths from each source onto the PMT. This instrument was capable of 

simultaneously determining four elements using self-reversal background correction [7], 

The AA Scan 4 has been used to successfully determine Cd and Pb in certified blood 

samples [IJ. 

Another system, marketed by Leeman Labs, Inc., is the Analyte 5. The Analyte 5 

is capable of simultaneous determination of several elements using multiple light sources. 

The insirument employs a reverse polychromator to combine the source beams and notch 

filters to achieve wavelength discrimination for a single PMT detector. Background 

correction is performed by self-reversal [8]. This insirument is limited in flexibility 

because the elements to be studied must be specified when the instrument is 

manufactured [3]. 

The Perkin-Elmer Corporation's SIMAA 6000 is capable of simultaneous 

determination of up to six elements. Again, the SIMAA 6000 employs multiple hollow 

cathode lamps; an echelle spectrometer and photodiode array, however are employed for 

detection. This system employs Zeeman effect background correction [8]. 

One final insirument of note is based around a Rowland Circle. In this research 

instrument, four hollow cathode lamps are placed around a Rowland Circle and focused 

through the graphite furnace into a polychromator with a CCD detector. A deuterium 

lamp is used to correct for background. As with the Leeman Labs insirument, the 

spectrometer is being employed in reverse configuration. The authors used this 
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instrument to determine Cd, Pb, Cu, and Cr in several drinking water reference standards 

[91-

Although several research and commercial systems employing multiple light 

sources have been designed, one common disadvantage is that they all require a 

background correction method and are limited by the number of light sources they must 

employ. However, this disadvantage is overcome in continuum source GFAAS. 

1.3.2 Continuum Systems 

Use of a continuum light source has been proven a viable alternative to multiple 

line sources for obtaining a variety of wavelengths for different elements. The most 

common light source used in these systems is a xenon arc lamp. 

Several systems, including the system employed in this research project, have 

similar designs. The most significant difference in these systems is the choice of 

spectrometer and detector. With the advent of fast, sensitive array detectors, much of the 

research, including this research project, in continuum source atomic absorption has 

focused on using array detectors to measure atomic signal. 

One of the first instruments employing an array detector at the focal plane of a 

spectrometer in continuum source atomic absorption used a linear pholodiode array 

(LPDA). Developed by James M. Hamly at the United States Department of Agriculture, 

the LPDA instrument consisted of a xenon arc lamp, a furnace atomizer, an echelle 

polychromator, and an LPDA. The LPDA is positioned at the focal plane in the echelle 

spectrometer such that only a single analytical line can be observed at a time. Although 

theirs was only a single element instrument, Hamly and coworkers were able to 
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investigate several advantages of using a continuum atomic absorption spectrometer that 

employed an array detector. First, because the 256 pixel array allowed the analyst to 

observe signal on either side of the atomic absorption line, background correction was 

achieved by monitoring lo on each side of the absorption line. Furthermore, 

improvements in signal to noise over earlier systems were observed due to the high 

quantum efficiency (QE) of the detector in the UV. Hamly suggested that the LPDA 

system could be extrapolated to a multielement system by employing more arrays for 

more analytical wavelengths [10]. 

To obtain multielement furnace information, Hamly and coworkers replaced the 

LPDA with a segmented array charge coupled detector (SCD) [11]. An SCD is an array 

detector composed of a series of linear CCD arrays located at prominent analytical lines 

in the focal plane of an echelle spectrometer. The currently available SCD was designed 

for observing prominent emission lines in ICP-AES. Charge coupled devices (CCDs), 

like the charge injection device (CID), which will be discussed later, are semiconductor 

array detectors. CCDs and CEDs have low noise, large dynamic range, high spatial 

resolution, high quantum efficiency (QE), and a linear response from the soft X-ray to the 

near-IR [12]. Using an echelle-SCD system, Hamly and coworkers were able to 

determine eight elements simultaneously with detection limits comparable to those of 

conventional LS-GFAA. Because of the higher QE of the SCD, detection limits were at 

least equivalent, if not better than those determined on the LPDA instrument. 

Furthermore, the SCD, like the LPDA, allowed for examination of wavelengths around 

the analytical line to provide simultaneous background correction. Unfortunately, the 
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greatest disadvantage of the SCD system was the lack of continuous wavelength 

coverage. Although the SCD had arrays for 67% of the most commonly used atomic 

absorption lines, the user was restricted to one analytical line for many elements, and for 

some elements, such as Co, Fe, and V, the prominent absorption line was not available 

[11].  

1.4 Summary 

Several graphite furnace spectrometers capable of simultaneous multielement 

determinations have been developed. Each of these multielement systems has distinct 

advantages over conventional LS-GFAAS. Both the continuum and multiple line source 

systems demonstrated the ability to monitor multiple elements simultaneously with 

detection limits approaching those of conventional single element systems. However, 

the drawbacks of each system and the lack of standard multielement analytical 

methodology demonstrate the need for continued research in the field of simultaneous 

multielement GFAAS. 
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2 BASIC SYSTEM DESIGN 

2.1 Overview 

The puq50se of this chapter is to address the instrument design, and design 

modifications necessary to obtain analytical data using the continuum source 

simultaneous multielement graphite furnace atomic absorption spectrometer (CSME-

GFAAS). First, the original design of CSME-GFAAS will be presented and summarized. 

In this discussion, a brief outline of the fundamental principles of charge injection 

devices (CEDs) and echelle spectrometers will be provided. Basic operations, such as 

wavelength calibration and the data processing methods, will be described. Finally, an 

explanation of the various features provided by the original design will be offered. 

Following the outline of the original design, the modifications to this design 

necessary to obtain accurate and precise quantitative chemical information on real world 

samples will be presented. First a discussion on the necessary hardware modifications 

will be presented, followed by a discussion of the necessary software innovations and 

changes to the data processing algorithms. 

2.2 Original CSME-GFAAS Design 

The CSME-GFAAS system designed by Denton and True is diagrammed in Figure 

2.1 [2]. A xenon-arc lamp (CERMAX LX300UV, ILC Technologies, Sunnyvale, CA) 

provides continuum wavelength output throughout the visible and down to approximately 

190 nm in the ultraviolet. A standard commercially available graphite furnace (CTF-188, 

Thermo Jarrell Ash Corporation, Franklin, MA) is used for atomization. A high 



43 

Figure 2.1: Diagram of the continuum source simultaneous multielement graphite 
furnace atomic absorption spectrometer (CSME-GFAAS). 

Parts in the diagram are: 
a) Charge Injection Device array detector (CID 38SG, CID Technologies, Liverpool, 

NY)" 
b) High resolution echeile polychromator (Thermo Jarrell Ash Corporation, Franklin, 

MA) 
c) Graphite furnace (Thermo Jarrell Ash Corporation, Franklin, MA) 
d) Continuous wave xenon arc lamp (ELC Technologies, Sunnyvale, CA) 
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resolution echelle polychromator (Thermo Jarrell Ash Corporation, Franklin, MA) is used 

to separate wavelengths. The detector for these experiments is a charge injection device 

(CID), specifically a CID 38SG with a CIDTEC SCM5000E controller (CID 

Technologies, Liverpool, NY). Theoretically, this spectrometer and detection system 

enables continuous wavelength coverage from approximately 400 nm down to 190 nm. 

2.2.1 Echelle Polychromators 

In order to understand the fundamentals of data collection and processing, a brief 

description of the important components is necessary. An echelle polychromator is 

designed to disperse light in two dimensions. An echelle polychromator is diagrammed in 

Figure 2.2. Echelle polychromators contain two dispersive elements, in this case, a prism 

and a grating. The CID detector is located in the focal plane of the second mirror. Table 

2.1 lists the performance specifications of the echelle polychromator used in these 

experiments. 

When incident on the entrance slit or pinhole, the continuum light is dispersed in 

two dimensions; the resulting image, an echellogram, is depicted in Figure 2.3. The 

grating disperses light along the x-axis of the image, longer wavelengths to the left and 

shorter wavelengths to the right. The prism acts as an order sorter dispersing the various 

orders of the light along the y-axis. Lower orders (longer wavelengths) are located at the 

top. higher orders (shorter wavelengths) at the bottom. 
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Figure 2.2: Diagram of the echelle polychromator. 
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Focal Length 384 mm 

Speed f/10.2 

Grating Ruling 52.6 grooves/mm 

Grating Blaze 63° 

Grating Area 4 0 x 4 0  

Prism Angle 21.0° 

Linear Dispersion ' 
@ 200 nm 
@ 400 nm 

0.137 nm/mm 
0.273 nm/mm 

Order Separation 
@ 200 nm 
@ 400 nm 

242 Jim 
73 nm 

Table 2.1: Specifications of echelie spectrometer. 
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Increasing X 

Figure 2.3: Image of the continuum light source. Image on the detector at the focal plane 
of the echelle spectrometer. 
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2.2.2 Charge Injection Device (CID) Detectors 

As stated earlier, several instruments have employed echelle spectrometers. 

However, to thoroughly utilize all of the information contained within the echellogram, a 

two dimensional array detector must be employed. The CID 38SG isa5I2x512 pixel 

array detector. The specifications of this device are presented in Table 2.2. In the above 

configuration, the CED provides continuous wavelength coverage from approximately 

400 - 190 nm. 

CEDs are in the family of detector devices known as charge transfer devices 

(CTDs). Although CTDs were originally designed for use as logic and memory devices, 

they are excellent optical array detectors. CTDs are currently being used in a host of 

optical spectroscopic applications, including ultraviolet-visible spectroscopy, Raman 

spectroscopy, and atomic spectroscopy. CTDs are extremely useful because their array 

nature allows simultaneous analysis of a large portion of the spectrum from the near 

infrared to the vacuum-ultraviolet [12]. 

Because the operation of the CID has been described in detail in the literature 

[12], only a brief review will be presented here. The CtD gate structure is depicted in 

Figure 2.4. The readout schematic of the CED is depicted in Figure 2.5. The CID is a 

metal oxide semiconductor (MOS) device. Each individual pixel consists of a row 

electrode, column electrode, an insulating layer, a layer of n-doped silicon, and a 

substrate layer. In order to detect photons in a given pixel, the row electrode is held at 

3.00 V while the column electrode is held at -3.75 V. These potentials create two 

potential wells of differing depths under the electrodes as shown in Figure 2.5a. Photons 



CTD Dimensions: 
Vertical Dimension 
Horozontal Dimension 

II 00 
00 

(N 
(N 

Dark Current (electrons/pixel/second) < 0.014 80 "C 
Full Well Capacity (electrons) 1.04 X 10'' 
Read Noise (electrons) 18 

Table 2.2: CID specifications. 
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Figure 2.4: CED gate structure [12]. 
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Figure 2.5: CID readout methodology [12]. 
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of energy greater than the bandgap of silicon (l.l eV) create electron-hole pairs when 

they come in contact with the n-doped epitaxial layer. The holes, or positive charges, 

collect in the "deep>er" potential well under the column electrode. To read the stored 

charge, the row electrode is disconnected from the reference voltage and the voltage 

under the row electrode is then sensed as shown in Figure 2.5b. Then, in Figure 2.5c, the 

voltage on the column electrode is changed to 6.75 V. The stored charge then moves 

under the row electrode. With the row electrode still disconnected, the voltage under the 

row electrode is sensed again. The difference in the potential caused by shifting the 

charge from under one electrode (column) to the other electrode (row) corresponds to the 

amount of positive charge stored in the well. At this point, the electrodes are returned to 

their original state (Figure 2.5a) and the charge can be readout again. In this fashion, the 

first three steps (Figure 2.5a - 2.5c) can be repeated to nondestructively read the charge 

stored in the pixel. To completely remove the charge stored in the pi.xel, both the row 

and the column electrodes are biased to 8.00 V as shown in Figure 2.5d. This action, 

known as "injection," forces the stored charge into the substrate thereby removing all of 

the charge stored in the pixel. 

Like the CCD, the CED is an integrating detector capable of converting photons to 

charge and then storing the charge. Unlike the CCD, however, the CED method of 

readout provides several unique features useful in analyzing the GFAAS signal. First, an 

image can be non-destructively read numerous times to reduce read noise through signal 

averaging. This same property allows charge to be read while it is being integrated. 

Furthermore, the readout scheme is "psuedo-random access." Small groups of pixels, or 
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"subarrays," surrounding important analytical lines can be quickly read and reread 

without having to readout the entire device. Moreover, the readout scheme allows 

channel stops to be placed between pixels to prevent blooming [12]. Another feature of 

the CID is known as signal knockdown. Instead of removing all of the charge as shown 

in Figure 2.5d, charge can be reduced to a preset level. Charge injection can lead to the 

formation of charge trap sites between injections. Given a constant photon flu.x, these 

trap sites prevent the formation of charge for a finite period of time following an injection 

[13]. In these experiments, this problem was prevented by reducing the level of stored 

charge, or knocking down the charge, in all of the pixels to 5% of the full well capacity 

instead of performing a charge injection. 

2.2.3 Wavelength Calibration 

In order to collect atomic spectroscopic information, the echelle-CID detection 

system must be wavelength calibrated. Wavelength calibration is accomplished using the 

continuum source, an Hg pen lamp, and a series of hollow cathode lamps. The overall 

wavelength calibration process uses an algorithm developed by Pilon [14]. 

The following is an example of a wavelength calibration. The first step in the 

process is order calibration. To order calibrate the spectrometer, a series of full detector 

images of the continuum source at differing exposure times is acquired. All images for 

this process are acquired using a custom program written in LabVIEW (National 

Instruments, Austin, TX). Once the continuum images are acquired, an image of the Hg 

pen lamp is acquired. According to the wavelength information provided by the 

spectrometer manufacturer, the Hg 253.65 line appears on order number 133. Using this 



information, order 133 on the continuum images is identified. Figure 2.6 shows a 

continuum image with order number 133 being identified. Using another Lab VIEW 

program, column number 10 and column number 502 were plotted. Column number 10 

represents the left edge of the device, and column 502 represents the right edge of the 

device. The Y positions of each order on the left edge (column 10) and the Y positions of 

each order on the right edge (column 502) are determined using the plot. Table 2.3 

contains a partial listing of the order calibration for this overall wavelength calibration. 

This calibration data is then fit to a second order polynomial as shown in Figure 2.7. 

Now using the polynomial fits and a simple linear regression algorithm, given an order 

and an X value, the Y position on any order can be computed. At this point the 

spectrometer is considered to be order calibrated. Another Lab VIEW program can be 

used to plot each individual order to determine the wavelengths found on a given order. 

The next step in the wavelength calibration process involves determining the 

wavelengths found on each order. Images of the Hg pen lamp, a Cu hollow cathode 

lamp, a Zn, Ag, Pb, Cd multielement hollow cathode, and an As, Sb, Bi hollow cathode 

lamp are obtained. By plotting the individual orders and using rough wavelength 

information provided by the manufacturer, prominent atomic lines are located on several 

orders, a minimum of two wavelengths per order. Table 2.4 contains a listing of the 

wavelength calibration data. For each of the orders shown, a linear regression was 

performed using the two wavelengths. The slope of the line is the linear dispersion of the 

order, and the intercept is the wavelength found on the left edge (column 10). The results 
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Marking 
Order 

133 

Figure 2.6: Identifying order 133. The left image is a one second exposure of the Hg pen 
lamp. The Hg 253.65 nm line is the bright line to the left and below the cursor. The right 
image is a magnification of the area around the Hg 253.65 line. The position of the line 
is marked with the arrow. 
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Order Left Edee (Coluirai 10) Rieht Edee (Column 502) 
108 100.485 102.724 
109 1M.376 106.537 
110 108.07 110.387 
111 112.069 114.411 
112 115.696 118.311 
113 119.541 122.267 
114 123.63 126.363 
115 127.63 130.417 
116 131.667 134.557 
117 135.797 138.882 
118 139.765 143.267 
119 143.97 147.512 
120 148.35 151.936 
121 152.489 156.39 
122 156.935 160.783 
123 161.203 165.435 
124 166.017 169.947 
125 170.474 174.907 
126 175.35 179.382 
127 180.28 184.407 
128 185.194 189.325 
129 190.176 194.183 
130 194.548 199.261 
131 200.111 204.432 
132 204.973 209.689 

Table 2.3: Sample order calibration data. The full range of data covers orders 98-173. 
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Figure 2.7: Fitting Order vs. Y Position for both left and right edges using Order Fit.vi. 



58 

Order Dement Wavelen&th (nm) X Position 

108 Hg 313.183 225.86 

108 Hg 312.566 329.71 

112 Hg 302.348 156.44 

112 Hg 302.15 191.45 

122 As 278.022 46 

122 Sb 276.995 245.61 

127 Hg 265.512 346.89 

127 Hg 265.204 407.19 

129 Pb 261.418 338.02 

129 Pb 261.366 348.38 

138 Pb 244.618 260.03 

138 Pb 244.383 310.39 

165 Cu 203.712 382.32 

165 Cu 203.584 414.17 

166 Cu 203.712 60.15 

166 Cu 203.584 93.72 

Table 2.4: Wavelength calibration data. 
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of this regression analysis are tabulated in Table 2.5. This information is then fit to the 

following equation: 

y = —h ojc + c 
X 

The results of the curve fit are shown in Figure 2.8. Knowing the desired 

wavelength, its X, Y position on the detector can be found. At shorter wavelengths, a 

given wavelength may appear on two orders. In that case, the wavelength that produces 

the higher signal is used. Once calibration is performed, day to day adjustments can be 

made by taking a Hg pen lamp image and adjusting the wavelength positions based on 

the change in the position of the Hg 253.65 line. 

2.2.4 Data collection, processing and analysis 

Once wavelength calibration is complete, the CSME-GFAAS system can be used 

for elemental analysis. The first step in the analytical procedure is wavelength selection. 

Wavelengths are selected, and then using the calibration data fi-om above, the software 

program determines the locations of the given wavelengths. The example given here 

involves the analysis of Cu, Pb, and Cd in high purity water. Analytical wavelengths and 

the locations of their subarrays are shown in Figure 2.9. 

The next step in the analysis involves furnace program selection. Furnace 

temperature data is entered into the software as shown in Figure 2.10. Following 

selection of furnace temperature data, analysis can be begun. A 10 - 100 nL aliquot of 

sample is pipetted into the graphite furnace and the program is executed. Once the 

program is executed, the camera system acquires a snapshot of the continuum source at 



Order Element VVaveleneth fnm) X Position Slooe rdX/dX> Interceot 
108 Hg 313.183 225.86 -0.005941261 314.5249 
108 Hg 312.566 329.71 
112 Hg 302.348 156.44 -0.005655527 303.2328 
112 Hg 302.15 191.45 
122 As 278.022 46 -0.005145033 278.2587 
122 Sb 276.995 245.61 
127 Hg 265.512 346.89 -0.005107794 267.2838 
127 Hg 265.204 407.19 
129 Pb 261.418 338.02 -0.005019305 263.1146 
129 Pb 261.366 348.38 
138 Pb 244.618 260.03 -0.004666402 245.8314 
138 Pb 244.383 310.39 
165 Cu 203.712 382.32 -0.004018838 205.2485 
165 Cu 203.584 414.17 
166 Cu 203.712 60.15 -0.003812928 203.9413 
166 Cu 203.584 93.72 

Table 2.5: Calculation of linear dispersion (slope) and left edge wavelength (intercept). 



61 

— Predicted 
• Actual 

100 110 120 130 140 150 160 170 
Order 

-0.003 

-0.0035 

-0.004 

-0.0045 

i" -0.005 -i 
Q 1 

3 -0.0055 

-0.006 

— Predicted 
• Actual 

100 110 120 130 140 150 160 170 

Order 

Figure 2.8: Linear dispersion and left edge wavelength fits for wavelength calibration. 
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Element Wavelength (nm) Detector Position (x.v) 
Cu 324.75 295,8 
Pb 283.31 356,69 
Cd 228.80 403,218 

Subarray Size = 
20 X 4 Pixels 

Figure 2.9: Listing of analytical lines and corresponding detector position. Simulated 
image of order containing an analytical line with subarray outlined. 
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the subarrays selected and determines the signal intensity at those subarrays. Using that 

snapshot, the program determines the number of times the most intense subarray can be 

reread before its intensity reaches 75% full well capacity and needs to be knocked down. 

At this point, the software signals the furnace controller to begin its furnace temperature 

program. Once the furnace reaches the atomization step, the camera system acquires the 

atomic absorption data. 

Figure 2.11 depicts a simulated continuum image with three subarrays outlined. 

Each of these subarrays is read in order as quickly as the camera controller allows during 

the course of the atomization cycle, knocking down the charge based on the rate at which 

the most intense subarray reaches 75% full well capacity. Even though charge is 

technically being knocked down, the number of reads between knockdowns is referred to 

in the software and in these studies as "reads per injection." These subarray reads are 

then stored in a data file with a time stamp corresponding to the time at which a particular 

subarray was read. 

To generate useful chemical information from the above subarray data requires 

several steps. To begin data analysis, the data acquisition file containing the subarray 

information described above is recalled into a separate program. The time stamped 

images associated with a single subarray are extracted from the data file. For each 

individual image, all of the columns are then summed resulting in an intensity vs. column 

plot for each subarray. In these studies, lis typically measured by averaging three points 

around the center of the atomic absorption peak, and Iq is measured by averaging three 

points from both sides of the atomic absorption peak as shown in Figure 2.12. Because I 
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Figure 2.11: Simulated Image with three subarrays outlined. 
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Subarray Image (Pb 283.31 nm) 

Column # (Decreasing k 

Sum all columns i 
Column # (Decreasing X • ) 

I 

Figure 2.12: Determining atomic absorbance from subarray images. 



and lo are obtained simultaneously for each individual subarray, calculated absorbances 

are truly simultaneously background corrected. 

For a given analytical window, this process generates a series of I vs. time values 

and a series of lo vs. time values. Because charge is being read while integrating, for a 

given knockdown cycle, each read other than the first contains the intensity information 

from the previous read. To calculate intensity values that correspond to the intensity 

change which occurs between reads, the derivative of both I vs. time and lo vs. time is 

taken. Once this has been done, the negative derivative values, which will occur at each 

knockdown, are removed. Because the intensity is low during the first 2-5 reads of a 

given knockdown cycle, these points are discarded to reduce noise. To further reduce 

noise, every three to five intensity values are summed depending on the number of reads 

per knockdown. Finally, the dl vs. time plot and the dio vs. time plot are used to compute 

a single absorbance vs. time plot. This plot is then saved to a text file which can then be 

imported into a commercial spreadsheet package. 

To generate a calibration plot, the area of the absorbance vs. time must be plotted 

vs. concentration for a series of standards. To calculate the area, the absorbance vs. time 

plot is recalled into a commercial spreadsheet application. The area under the absorbance 

vs. time curve produces a value of time integrated absorbance, whose units are Abs*s. 

2.2.5 Advantages of the Original CSME-GFAAS Design 

True et al. demonstrated several of the advantages of the CSME-GFAAS system-

Using the above system, atomic absorbance data for several elements could be obtained 

simultaneously. Preliminary detection limit data was obtained for Cu, Fb, Co, Ni, and 
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Zn. Detection limits approached that of LS-GFAAS. True also demonstrated that the 

system is capable of simultaneous background correction. Because lo and I are acquired 

at the same time, the system automatically corrects for background without requiring a 

separate background correction method [15]. 

2.2.6 Disadvantages of Original CSME-GFAAS Design 

The CSME-GFAAS system and acquisition methodology designed and developed 

by True had several serious problems. First, the software interface for the system was 

very rudimentary. Because the goal of the previous research was to determine if atomic 

absorbance signals could be measured using an echelle-CID spectrometer, much of the 

research effort was in basic design, data acquisition methods, and timing of the camera 

system to obtain atomic absorption data. The previously described system required a 

minimum of three separate programs to determine the area of a single atomic absorption 

curve. One program was used to acquire the data and save it to a file. Therefore, in most 

cases, all of the data for an experiment was collected before any calculations were made. 

Another program was used to compute the atomic absorbance vs. time curve from the file 

and save the curve to another file. The absorbance vs. time curve was then imported into 

a commercial spreadsheet package and the area under the respective curve was computed 

for calibration purposes. Finally these areas were plotted using a spreadsheet. Not only 

was this process time consuming, but also monitoring an experiment's progress to detect 

bad standards and optimize parameters was virtually impossible. Often, errors in 

standard preparation were detected after the entire experiment had been completed. To 

correct such an error, the entire sample set would have to be reanalyzed. Furthermore, 
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instrument drift could not be easily monitored or corrected during the course of an 

experiment. Calibralion errors like instrument drift would not be noticed until the 

experiment had been completed and all of the data was calculated. 

In addition, the user interface did not allow changes to be made in summing and 

averaging, or allow image correction methods to be employed to assist in data 

computation. Because the goal of this research project was to obtain reproducible, 

quantitative data on real world samples and study fundamental issues regarding 

multielement furnace analysis, a completely new software interface package was 

required. 

The new software interface would allow the operator to sjiecify analysis 

parameters, acquire atomic absorption data, compute absorbance vs. time plots, and 

compute the statistics of that plot such as peak height, peak area, and effective sampling 

rate. Furthermore, new software was needed to allow the application of important data 

processing functions such as flat field correction and stray light correction to improve the 

accuracy and precision of the chemical information. 

2.3 New Software Interface and Data Processing Algorithms 

To address many of the software related questions, a new, flexible software 

interface was developed using the LabVDEW graphical programming language. The new 

interface allowed the operator to set up the furnace analytical procedure, select analytical 

lines, display flat field corrected images, and calculate absorbance data, peak areas, and 

other statistics to monitor experiment progress. The on screen interface for this program 

is shown in Figure 2.13. Notice that the new software revision streamlines the data 
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acquisition and processing. Samples can now be quickly analyzed by pressing the 

"Compute Absorbance Statistics" button, which will then compute all of the pertinent 

information about that sample as shown in Figure 2.14. 

2.3.1 Flat-Field Corrected Images 

One important new feature of the interface is the ability to apply a flat field 

correction to the subarray images. One characteristic of all charge transfer devices is that 

each of the individual pixels in the array has a slightly different quantum efficiency. 

Thus, with a uniform photon flux, some pixels in an image will have stored more charge 

than other pixels. The error in the resulting image can be corrected by performing a flat 

field correction. Figure 2.15a depicts a snapshot from an analysis of Cu on 327.40 nm. 

Note the lack of clarity in the exact location of the absorbance signal due to the noise. 

The flat field correction of this image is performed by taking a snapshot of equivalent 

exposure time prior to absorbance, a blank image. Then the resulting flat field corrected 

image can be calculated as : 

^ , Analytical ., , „ , ^ 
Corrected = y. Meam Pixels in Blank) 

Blank ~ ~ 

The corrected image is made by dividing the analytical image by the blank image. 

The quotient is then multiplied by the mean of all of the pixels in the blank image. The 

resulting image is now corrected for the slight differences in quantum efficiency. 

In this particular analysis, the data were collected using nine reads per injection; 

therefore, the first nine images (frames 1-9) are used as blank images to correct all 

subsequent images. For example, frame 1 is used as the blank image for frames 10, 19, 
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Figure 2.14: Calculate absorbance window used to display absorbance vs. time plot and 
calculate important analytical statistics. 



Flat Field 
Correction 

Figure 2.15: Subarray image of Cu 327.40 nm before (a) and after (b) flat field 
correction. Absorbance maximum of 10 ppb Cu. 
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28, and so forth; frame 2 is used to correct frames 11, 20, 29 and so on. Figure 2.15b 

shows the result of flat fielding the image. In most circumstances, flat fielding has a 

negligible effect on calculated absorbance. However, in a situation where an image has 

several bad pixels as shown in Figure 2.16a and b, flat fielding can be used to correct the 

image allowing calculation of absorbance. Furthermore, the correction method makes 

locating analytical lines much easier when determining optimum pixels for measuring I 

and Iq. Note that in Figure 2.17, locating the position of the analytical line is possible 

even at a very low concentration. Injecting high concentration samples into the furnace 

to locate analytical lines is undesirable because memory effects may affect the 

measurement of subsequent samples. 

2.3.2 Computation of Absorbance Information 

For the majority of these studies, the basic data collection algorithms designed by 

True were retained. However, the absorbance computation algorithm was significantly 

improved. Once appropriate regions for I and lo have been selected, the program 

calculates absorbance for the sample. Absorbance is calculated as described earlier in 

Section 2.2.4 with one major change. 

In the original computation method, I and lo values were summed before 

absorbance was calculated. However, in absorbance measurements, absorbance, not 

intensity, sums linearly. Therefore, summing intensities to reduce noise may result in an 

error in calculated absorbance. Figure 2.18 illustrates how this error manifests itself. In 

Figure 2.18, two cases for absorbance calculation over a given averaging period are 

shown. In Case I. all three of the I and lo values over the averaging period are summed 
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Figure 2.16a: 10 ppb Cr on Cr 359.35 nm. Note bad pixels on left side lo measurement 
generate negative absorbance values. 
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Figure 2.16b: 10 ppb Cr on Cr 359.35 nm. Note bad pixels on left side are corrected. 
Absorbance values are no longer negative. 
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I Flat Field 
Correction 

Figure 2.17: Flat field correction of 2 ppb Pb standard. Note analytical line is 
undetectable in the uncorrected image (top) and easily seen in the corrected image 
(bottom). 
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3 1000 750 

Intensity Data: Decreasing Absorbance 
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1 
2 
3 

Mean 
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0.222 
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0.131 

Figure 2.18: Two cases for absorbance calculation. When all intensity values over the 
averaging period are equivalent both cases generate the same absorbance value. When 
intensity values change over time Case I generates a lower absorbance value than Case 11. 
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and then a single absorbance value is calculated. In Case n, absorbance is calculated at 

each of the three data points, and then the three absorbance values are averaged to obtain 

the absorbance for the averaging period. In a situation where absorbance is constant over 

the averaging period, both cases compute the same absorbance value. However, if 

absorbance changes over the averaging period then Case I produces a lower calculated 

absorbance than Case II. Because the absorbance signal in GFAAS is a transient signal, 

which is always changing over the course of the atomization period, the algorithm used in 

Case II was adopted for use throughout these investigations. 

2.4 Improved Sample Introduction Methodology 

2.4.1 Direct Injection into Wall Atomization Cuvettes 

In early experiments, the samples were introduced into the graphite furnace 

cuvette by using a micropipette (Eppendorf) to inject 10 - 100 nL of sample. Figure 2.19 

shows a calibration of Pb performed by manual injection. Analytical lines and furnace 

conditions used for this analysis are shown in Tables 2.6 and 2.7, respectively. Although 

the calibration was linear with a correlation coefficient of 0.999, the RSD of the standards 

was in excess of 10% for all but the 8 ppb Pb standard. To confirm pipette accuracy, the 

micropipette was calibrated. The masses of ten 50 (iL aliquots of water were measured 

using an analytical balance. The pipette delivery error was found to be 2.02% with an 

RSD of 1.38% for ten replicate deliveries. Therefore, the accuracy and precision of the 

pipette were not major considerations. 
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32.04 18.7 

Figure 2.19: Calibration data for Pb 283.31 nm using a 50 nL direct injection. 
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Element (Wavelength) Detector Coordinates 
Cu (324.75 nm) 295, 8 
Pb (283.31 nm) 356,69 
Cd (228.80 nm) 403,218 
Subarray Size: 20 x 4 

Table 2.6: Analytical lines for an early experiment using direct injection. 

Step Temperature (^C) Ramp Time (s) Hold Time (s) 
Dry 120 45 10 

Pyrolysis 1 400 10 10 
Pyrolysis 2 400 0 2 

Atomize 1500 0 4 
Clean 1600 0 2 

Table 2.7: Furnace program for an early experiment using direct injection. 
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As will be demonstrated in the next section, the poor analytical precision in these 

experiments was determined to be due to the sample introduction method. In the manual 

injection method, sample was not deposited in exactly the same spot in the cuvette for 

each trial. Furthermore, manually pipetted droplets are often not uniformly shaped, 

contributing to different vaporization patterns. 

Despite the poor precision, the manual deposition method for this instrument is 

still potentially useful when sample size must be kept extremely small. Furthermore, the 

precision of these analyses could be improved by using an auto sampler to ensure that the 

droplet is placed on the same spot in the cuvette. In fact, several commercial analytical 

instmments use an autosampler which pijjettes discrete amounts of sample accurately and 

precisely into a cuvette. 

2.4.2 Nebulized Introduction into Wall Atomization Cuvettes 

Another method of sample deposition in GFAAS invloves the use of a nebulizer 

to spray an exact volume of sample into a preheated cuvette. The autosampler nebulizer 

device used for the Thermo Jarrell Ash CTF-188 furnace atomizer is known as FAST AC. 

A diagram of the nebulized introduction system is shown in Figure 2.20. As will be 

demonstrated, the nebulized introduction system provides much more reducible peak 

shapes and better analytical precision. Another advantage of the nebulized introduction 

system is the ability to preconcentrate sample in the cuvette allowing the user to increase 

analytical sensitivity when analyte concentrations are extremely low. 

The nebulized introduction system introduces sample into the cuvette by directing 

a fine nebulized spray through the injector tip into the furnace cuvette. During the 
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Figure 2.20; Diagram of nebulized introduction system. This system is the autosampler 
system for the CTF-188 known as FASTAC (Thermo-Jarrell Ash Corporation, Franklin, 
MA). During the delay step, the drain is closed and the vacuum open to purge the line. 
During deposition, the drain and vacuum are closed directing a fine nebulized spray into 
the graphite cuvette. 
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deposition process, the furnace is held at a temperature slightly higher than the boiling 

point of the sample solvent. Thus, sample is dried as it is deposited onto the wall of the 

cuvette. The fine spray is deposited for a finite amount of time, usually 5-10 seconds. 

This process reduces the risk of analyte loss as a result of sputtering, which is a 

possibility in the manual deposition method. Furthermore, injection size is not limited by 

cuvette volume. The maximum single manual injection volume in the furnace cuvette is 

0.1 mL. Large injections also require long ramp times in the drying step to prevent 

sputtering due to sample boiling. With nebulized introduction, sample deposition time 

can be increased, resulting in larger amounts of analyte being deposited in the furnace 

cuvette. 

Figure 2.21 shows a sample calibration of Pb using the nebulized deposition 

system. Analytical lines and furnace conditions for this analysis are shown in Tables 2.8 

and 2.9 respectively. Note that the RSD values for all of the nebulized standards are 

lower than those of the manually injected standards. In subsequent analyses using the 

nebulized deposition system, the RSD for was usually found to be 5% or lower. 

Although the sample size is increased significantly (1-2 mL per trial) by using the 

nebulized introduction method, the improved precision and preconcentration ability of 

the method are important factors in choosing a sample introduction method. Because 

sample size was not an issue in the drinking water or red wine analyses, the nebulized 

introduction system was used for sample introduction in the remaining sections and 

chapters. 
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Figure 2.21: Calibration data for Pb 283.31 nm using FASTAC nebulized deposition 
sysiem. 
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Element (Wavelength) 
Ag (328.07 nm) 
Pb (283.31 nm) 
T1 (276.79 nm) 
Subarray Size: 

Detector Coordinates 
277, 83 

367,145 
276.158 

1 8 x  3  

Table 2.8: Analytical lines for a nebulized injection study. 

Step 
Dry 

Pyrolysis 1 
Pyrolysis 2 

Atomize 
Clean 

Temperature f*^C) 
110 
250 
250 
1600 
2200 

FASTAC Settings: Rate: 2.0 mL/min 

Ramp Time (s) 
2 

10 
0 
1 
0 

Delay (s): 15 

Hold Time (s) 
0 
10 
2 
4 
2 

Deposit(s): 5 

Table 2.9: Furnace program for a nebulized injection study. 
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2.5 Sample Trace Element Calibration Data 

2.5.1 Reagents 

Standards for these analyses were prepared from commercial multielement 

standards. Standard ICV-GFAA (High Purity Standards, Charleston, SC) contained 0.4 

ppm Ag, Cd, Cr and 2.0 ppm As, Pb, Se, TI in 2% HNO3. ICP-AM-5 contained 100 ppm 

Al, As, Ba, Be, Cd, Cr, Co, Cu, Fe, Pb, Mn, Ni, and Zn. 5% HNO3 solution was prepared 

from 70% trace metal grade nitric acid (Fisher Scientific, Pittsburgh, PA) and high purity 

(18 MQ) water. High purity water was prepared using a Millipore Milli-Q Plus (Bedford, 

MA) water purification system. 

2.5.2 Ag Single Element Multiple Line Calibration 

One of the first calibration tests performed using the new autosampler setup and 

software interface was an Ag calibration using two different Ag lines, 338.29 nm and 

328.07 nm. Standards of 0.4, 1.0, 2.0, and 4.0 ppb Ag were prepared from ICV-GFAA, 

as well as a blank of 5% HNO3. Analytical lines and furnace conditions for analysis are 

presented in Tables 2.10 and 2.11. Each blank or standard was analyzed three times. The 

results of the calibration are presented in Figures 2.22 and 2.23. Based on the measured 

signals, Ag 328.07 nm was roughly twice as sensitive as Ag 338.29 nm. Note that the 

correlation coefficient for Ag 338.29 nm was better than that of Ag 328.07 nm. 

However, note the slight rollover deviation from linearity in both calibration curves. This 

deviation will be discussed in the next section. The detection limits on both lines were 

calculated taking three times the standard deviation of the blank and dividing by the 
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Element (Wavelength) Detector Coordinates 
Ag (338.29 nm) 224, 72 
Ag (328.07 nm) 278, 83 
Subarray Size: 18x3 

Table 2.10: Analytical lines for Ag dual wavelength calibration. 

Dry 
Pyrolysis 1 
Pyrolysis 2 

Atomize 
Clean 

FASTAC Settings: 

Temperature ("O 
110 
250 
250 
1600 
2200 

Rate: 2.0 mL/min 

Ramp Time (s) 
2 
10 
0 
1 
0 

Deiay(s): 15 

Hold Time (s) 
0 
10 
2 
4 
2 

Deposit(s): 5 

Table 2.11: Furnace program for Ag dual wavelength calibration. 
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Figure 2.22; Calibration data for Ag 338.29 nm. 
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Figure 2.23: Calibration data for Ag 328.07 nm. 
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calibration slope. The detection linnits for Ag 338.29 nm and Ag 328.07 nm were 0.19 

ppb and 0.04 ppb respectively. These detection limits were comparable to those found in 

the literature (EPA, 1992). Sensitivity and detection limits could be further improved if 

necessary by increasing deposition time. In addition, analytical reproducibility was good 

for both samples with RSD values falling below 5%. 

2.5.3 Ag, Pb, and T1 Multielement Calibration 

A multielement study involved the simultaneous calibration of Ag, Pb, and Tl. 

Calibration standards were prepared from ICV-GFAA, as well as a blank of 5% HNO3. 

Standard concentrations are shown in Table 2.12. Analytical lines and furnace conditions 

for analysis are presented in Tables 2.13 and 2.14. Each blank or standard was analyzed 

three times. Note the low pyrolysis temperatures used for the calibrations in this section. 

Preliminary studies showed that the Tl signal decreases very rapidly at increasing 

pyrolysis temperatures. This phenomenon will be addressed further in the next chapter. 

Until further temperature studies were performed, pyrolysis temperatures were kept low 

for all of the calibration test procedures. 

The results of the calibration are presented in Figures 2.24 - 2.26. Correlation 

coefficients were greater than 0.995 for all of the calibration curves. Again, note the 

slight rollover deviation in the Ag calibration. With the exception of the first Tl standard, 

RSD was below 10% for each of the standards. Detection limits were 0.13 ppb, 0.77 ppb 

and 0.38 ppb for Ag, Pb, and Tl, respectively. Again these limits are comparable to those 

of conventional LS-GFAAS. 
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Standard 

Amount 
ICV-GFAA 

CmL) 

Dilution 
Volume 

fmL) 
Analvte Cone. 

fDDb) 
Blank 0 100 0 (Ag, Cd, Cr) 

0 (As, Se, Pb, Tl) 
I 0.100 100 0.40 (Ag, Cd, Cr) 

2.00 (As, Se, Pb, Tl) 
2 0.250 100 1.00 (Ag, Cd, Cr) 

5.00 (As, Se, Pb, Tl) 
3 0.500 100 2.00 (Ag, Cd, Cr) 

10.00 (As, Se, Pb, Tl) 
4 1.000 100 4.00 (Ag, Cd, Cr) 

20.00 (As, Se, Pb. Tl) 

Table 2.12: Standards for Ag, Pb, and T1 simultaneous multielement calibration. 
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Element (Wavelength) Detector Coordinates 
Ag (328.07 nm) 278, 83 
Pb (283.31 nm) 367,145 
Tl (276.79 nm) 276,158 
Subarray Size: 18x3 

Table 2.13: Analytical lines for Ag, Pb, Tl multielement calibration. 

Step Temperature ("O Ramp Time (s) Hold Time fs) 
Dry 110 2 0 

Pyrolysis 1 250 10 10 
Pyrolysis 2 250 0 2 

Atomize 1600 1 4 
Clean 2200 0 2 

FASTAC Settings: Rate: 2.0 mL/min Delay(s): 15 Deposit(s): 5 

Table 2.14: Furnace program for Ag, Pb, Tl multielement calibration. 
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Figure 2.24: Calibration data for Ag 328.07 nm. 
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Figure 2.25: Calibration data for Pb 283.31 nm. 
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2.5.4 Cu, Pb, and Co Muliielemenl Calibration 

The next investigation was a simultaneous calibration of Cu, Pb, and Co. 

Calibration standards were prepared from ICP-AM-5, as well as a blank of 5% HNO3. 

Standard concentrations were 0, l.O, 2.5, 5.0, lO.O, 15.0, and 20.0 ppb Cu, Pb, and Co. 

Analytical lines and furnace conditions for analysis are presented in Tables 2.15 and 2.16. 

Each blank and standard was analyzed three times. 

The results of these studies are presented in Figures 2.27 - 2.29. Correlation 

coefficients were greater than 0.995 for all of the calibration curves except Co. Detection 

limits were 1.63 ppb, 1.64 ppb and 4.03 ppb for Cu, Pb, and Co, respectively. With the 

exception of Co, these limits were comparable to those of conventional LS-GFAAS. In 

the case of Co, detection limits were almost an order of magnitude worse. Also note the 

poor correlation coefficient of the calibration curve. This analysis illustrates the effect of 

decreasing source output at shorter wavelengths. 

2.5.5 Limitations in wavelength selection 

In the process of performing these calibration tests, several limitations in the 

current instrument were identified which limit the simultaneous analysis of analytical 

lines. First, as has already been stated, the light source photon flux falls off significantly 

below 250 nm. The result of this phenomenon was best illustrated in the Co calibration 

shown above. Co had degraded detection limits and a loss in correlation coefficient due 

to the lower photon flux at 240.73 nm. The lower photon flux produced measurements 

that were substantially noisier than measurements made at longer wavelengths. 
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Element (Wavelength) Detector Coordinates 
Cu (327.40 nm) 385, 82 
Pb (283.31 nm) 367,145 
Co (240.73 nm) 332, 250 
Subarray Size: 1 8 x 3  

Table 2.15: Analytical lines for Cu, Pb, Co multielement calibration. 

Step Temperature (^C) Ramp Time (s) Hold Time (s) 
Dry 110 2 0 

Pyrolysis I 250 10 10 
Pyrolysis 2 250 0 2 

Atomize 1600 0 5 
Clean 2200 0 2 

FASTAC Settings: Rate: 2.0 mL/min Delay(s): 15 Deposit(s): 5 

Table 2.16: Furnace program for Cu, Pb. Co multielement calibration. 



99 

50.00 

I 40.00 

a> 

c 
JS 
U  
o  'Ji 
A  
< 

30.00 

20.00 

10.00 

0.00 

0 

R-= 0.997 
DL= 1.63 ppb 

5 10 15 

Concentration (ng/mL) 

20 

Concentration 
(ng/mL> 

0 
1.0 
2.5 
5.0 
10.0 
15.0 
20.0 

Average 
Absorbance Area % RSD 

4.50 
7.25 5.32 
9.80 3.90 
15.18 0.90 
25.79 2.29 
36.05 5.66 
43.54 1.29 

Figure 2.27: Calibration data forCu 327.40 nm. 
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Figure 2.28: Calibration data for Pb 283.31 nm. 
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Figure 2.29: Calibration data for Co 240.73 nm. 
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A second limitation, not readily apparent when looking at the data, is that the 

subarray readout methodology does not permit the readout of subarrays that have 

overlapping rows. To maximize the effective readout speed of the subarrays, the 

subarrays are read in order from the top of the device, through the bottom. As stated 

earlier, the readout methodology is not true random access, but "pseudo-random access." 

A clocking system is designed to address the pixels by rows and columns using shift 

registers [12], For example, Ag 328.07 nm and Cu 327.40 nm cannot be viewed 

simultaneously in a single measurement. The coordinates of these lines are 278, 83 and 

385, 82, respectively. Given an 18x3 pixel subarray, these two arrays share rows 83 and 

84 in common. After completing one read of Ag 338.07 nm, the row shift register is on 

row 84. To return to row 83 the electronics would have to clock through the remaining 

rows and then down to row 83 to read Ag 328.07 nm. This process would reduce readout 

speed and further complicate the data acquisition algorithm. As will be explained in 

Chapter 5, the next generation CID device is true random access and therefore should not 

suffer from this complication. 

Finally, an experiment simultaneously analyzing three analytical lines with an 18 

X 3 pixel subarray size and averaging every three reads produces an effective readout rate 

of approximately 30 Hz. Adding additional lines would reduce the readout rate further. 

Because readout rate should be kept near 50 Hz to effectively model the atomic 

absorption curve [15], the number of windows in a given experiment was limited to three. 
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2.6 Dynamic Range Limitations 

As stated in the introduction, one of the drawbacks to trace metal analysis by 

GFAAS is that of linear dynamic range. For most elements, GFAAS typically has a 

linear dynamic range of one order of magnitude, sometimes less depending on the 

sensitivity of the element. In comparison, ICP-AES often has linear dynamic ranges of 

several orders of magnitude. 

The CSME-GFAAS system has several fundamental characteristics that may 

further limit linear dynamic range. Figure 2.30 shows a calibration curve for Mn 

observed at 280.11 nm. Note the poor correlation coefficient (R"), and the obvious 

deviation from linearity. Figure 2.31 is a sample absorbance vs. time curve for the 20 

ppb Mn 280.11 standard. The absorbance maximum for this curve was 0.101 absorbance 

units. Therefore, this curve is not even linear to 0.100 absorbance units. Two major 

factors can contribute to nonlinearity in these experiments, spectral bandpass and stray 

light due to order overlap. 

2.6.1 Spectral Bandpass Considerations 

One of the fundamental assumptions of Beer's Law is that one is measuring 

monochromatic radiation. The following expression is known as Beer's Law. 

A = -log ̂ I  ̂= Ebc 
lo 

\ / 

Assume only two separate wavelengths, Xi and X2, are simultaneously reaching 

the detector. The absorbing species has two absorptivities, Ei and E2 at each wavelength. 

Therefore, for each wavelength. 
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Figure 2.30: Calibration data for Mn 280.11 nm. Note the low correlation coefficient 
and classic roll over deviation from linearity. 
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Figure 2.31: 20 ppb Mn on 280.11 nm absorbance vs. time plot. 
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- log = E,bc 

For the measured absorbance. 

Av/ =-iog 

Substituting for Ii and I2, we obtain 

Now in the case where Ei and E2 are equal, the above expression reduces back to 

the traditional expression for Beer's Law, 

However, when Ei and Ei are not equal, nonlinearity results as shown in Figure 

2.32. In conventional LS-GFAAS, a line source such as a hollow cathode lamp or 

electrodeless discharge lamp is used. Line widths for these sources are typically on the 

order of 1-2 pm [5]. The bandpass of the system is set by the source, so calibration 

linearity is maintained even using the low resolution monochromator typically employed. 

However, in continuum atomic absorption, the wavelength selector sets the resolution 

and bandwidth. In the case of the echelle system employed for these studies, the 

resolution was approximately 4 pm/pixel at 200 nm. Given a three pixel window, the 

bandwidth is roughly 12 pm. Therefore, calibration linearity is not expected to be 

maintained to the same extent in CSME-GFAAS as it is in LS-GFAAS. 
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To test the significance of bandpass on the linearity of this calibration curve, the 

data were reanalyzed using a 1 x 3 pixel window, thereby reducing the spectral bandpass 

to roughly 4 pm. The resulting calibration curve is shown in Figure 2.33. Note that the 8 

pm reduction in bandpass had a minimal effect on the correlation coefficient of the 

calibration curve. These results indicate that while spectral bandpass is contributing to 

the nonlinear response, the bandpass is not the most significant contribution. 

2.6.2 Stray Light Due to Order Overlap 

The presence of stray light in an absorbance measurement manifests itself in a 

calibration curve that deviates from linearity as well. Referring back to Beer's law. 

/\ = -log ̂  ^ — =Ebc 
J o ]  

If Beer's law is modified to include a stray light component which is a fraction of 

lo, the expression appears as follows, 

/ + /l/n A = - log  
/(J + fj/g 

As I approaches 0, then Beer's law is reduced to the following expression. 

A = -log — 
1 + /2 

Thus, if stray light is 10% then absorbance approaches a constant of 1.04 

absorbance units. This is often referred to as the stray light limit. The effect of stray 

light on the linearity of an absorbance measurement is shown in Figure 2.34. 

Figure 2.35 is an image of the echellogram in the vicinity of the Mn 280.11 nm 

line. Figure 2.35 also contains a plot of the center column on that image. Note that at 
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lower orders (longer wavelength) the intensity does not return to zero between orders. 

Thus, the orders in this region are overlapping. Overlapping orders are a potential source 

of stray light. 

As demonstrated above, the presence of stray light causes the measured 

absorbance to approach a maximum value. Figure 2.36 is a plot of peak height vs. 

concentration of the same Mn experiment. In Figure 2.36, the calibration curve was fit to 

the following exponential expression, 

Y = (Top — Bottom)e~'^ + Bottom 

Note that the constant term (Bottom) is the value that the curve will approach as 

concentration approaches infinity. The maximum possible absorbance value is 0.1237. 

Assuming that all of the noniinearily is due to stray light, the stray light component of a 

wavelength can be calculated by converting the maximum possible absorbance to 

transmission. This conversion yields 0.75, meaning that 75% of the light reaching the 

detector is stray light. One can mathematically correct for stray light by using the 

following expression: 

Tm-r Tc = 
1-T 

Tc is corrected transmittance, is measured transmittance, and x is the stray 

light component of the measured transmittance [16]. In this case, x is equal to 0.75. 

Table 2.17 contains a list of correction factors (x) for a series of decreasing wavelengths. 

Note that the correction factor decreases as wavelength and throughput decrease. If the 

intensity of stray light in the instrument were a constant then one would expect the 
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Element & Wavelength(nm) Correction Factorfrt 
Cr 360.53 0.87 
Cr 359.35 0.86 
Ag 328.07 0.80 
Mn280.Il 0.75 
T1276.79 0.62 

Table 2.17: Stray light correction factors for several wavelengths 
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correction term to increase. However, because order separation increases as wavelength 

decreases, if order overlap is the most prominent source of stray light, then the correction 

term should decrease. Table 2.17 shows that at Cr 359.35 nm the correction term is 0.85. 

At T1 276.79 nm the correction term has decreased to 0.62 because order separation has 

improved. 

This spectrometer-detector system was originally designed for emission. In 

emission, order overlap is only a problem when a bright atomic line appears in the same 

column on the order directly above or below the analytical atomic line. The best means 

of correcting for these errors would be to employ a prism with higher dispersion, and 

reduce the slit height. However, a decrease irj slit height would reduce the throughput 

further, and a change in prism angle would reduce the wavelength coverage. Thus such 

improvements were deemed impractical until better detector technology becomes 

available. At that point, the spectrometer will most likely be completely redesigned to 

take advantage of the larger array area of the new detector. More detail on these 

considerations will be discussed in Chapter 5. 

To continue evaluating the instrument performance, nonlinear calibration fits 

were employed to those lines that had deviations from linearity. However, because many 

EPA calculations are designed around a straight-line calibration fit, a stray light 

correction was performed to generate linear calibration curves when necessary to 

compare methods. To apply this correction to the above data, the software was written to 

apply the correction to each absorbance point in the absorbance vs. time curve. 
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The software accomplishes this by calculating the absorbance vs. time curve 

normally. Then If the operator wishes to correct the data for stray light, a correction 

factor can be entered into the interface as shown in Figure 2.37. When the correction 

factor is applied, the software converts the absorbance vs. time curve to transmittance vs. 

time, corrects each transmittance data point using the above expression and then converts 

the expression back to absorbance. Figure 2.38 illustrates the result of this operation 

when applied to the 20 ppb standard. Note that the absorbance maximum has increased 

from 0.101 to 0.804. Figure 2.38 illustrates the results when this operation is applied to 

all of the points in a calibration curve. Note that the correlation has improved to 0.999. 

Again, given the large stray light component due to order overlap, this solution is 

only temporary. As will be addressed in Chapter 5. several expected technical 

innovations would allow a substantial reduction in stray light due to order overlap. A 

larger detector area will allow the use of a prism of higher dispersion without loss of 

wavelength coverage. A prism of higher dispersion would improve order separation 

thereby reducing order overlap. Additional considerations will be discussed more 

thoroughly in Chapter 5. 

Note that the most sensitive absorbance line for Mn is 279.48 nm. Choosing 

alternative wavelengths can also extend calibration range. In this case the 280.11 nm line 

was chosen in an attempt to maintain linearity at higher concentrations prior to stray light 

correction. Because the CSME-GFAAS system has almost continuous wavelength 

coverage from 400 to 190 nm, multiple wavelengths for the same element can be 
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potentially monitored to provide a longer calibration range, allowing for more flexibility 

in sample concentration. 

2.7 Summary 

Despite some remaining fundamental limitations, potential solutions to which will 

be discussed in Chapter 5, the CSME-GFAAS system is capable of obtaining 

reproducible calibration data. Sample calibration data were obtained for the following 

elements: Ag, Pb, Tl, Cu, Co, and Mn. Linear dynamic ranges for each of the elements 

approached one order of magnitude in several cases without correction and detection 

limits approached those obtained using LS-GFAAS. 
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3 ANALYSIS OF DRINKING WATER AND WASTEWATER 

3.1 Overview 

The United States Environmental Protection Agency (EPA) has identified and 

placed limits on the permissible level of several potentially harmful trace metals in 

drinking water. The health effects of these metals are shown in Table 3.1. The 

permissible levels, also known as maximum contaminant levels (MCLs), are summarized 

in Table 3.2. Note that for several of these elements, the MCL is less than 20 ppb. 

Therefore, a sensitive method is necessary to analyze water for these potential health 

hazards. 

The three common instrumental methods for drinking water analysis are 

inductively coupled plasma atomic emission spectroscopy (ICP-.'XES: EPA Method 

200.7), inductively coupled plasma mass spectrometry (ICP-MS; EPA Method 200.8), 

and graphite furnace atomic absorption sp)ectroscopy (GFAAS: EPA Method 200.9). Of 

these methods, GFAAS offers the high sensitivity for the lowest cost. ICP-MS while 

undoubtedly the most sensitive of the three methods is by far the most expensive in 

comparison to the relatively low cost of atomic absorption methods. 

As previously stated, one of the major drawbacks of conventional LS-GFAAS is 

speed of analysis due to the single element nature of the technique. A series of 

investigations was conducted to develop and evaluate methodology for the simultaneous 

determination of multiple trace elements in drinking water and wastewater using CSME-

GFAAS. 
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Elemental 
Contaminant Short-term Health EfTects Lons Term Health Effects 

Antimony nausea, vomiting, diarrhea carcinogen 

Barium gastrointestinal disturbance, 
muscular weakness 

high blood pressure 

Beryllium (lung damage when inhaled) bone, lung damage; cancer 

Cadmium nausea, vomiting, diarrhea, muscle 
cramps, salivation, sensory 
disturbances, liver injury, 

convulsions, shock, renal failure 

kidney, liver, bone, blood 
damage 

Chromium skin irritation or ulceration kidney, liver, circulatory, 
nerve damage; skin 

irritation 

Copper stomach and intestinal distress; 
liver, kidney damage; anemia 

Lead impair physical and mental 
development in children; influence 

attention span, hearing, and 
learning abilities in children 

stroke, kidney disease, 
cancer 

Mercury kidney damage kidney damage 

Nickel decreased body weight, 
heart and liver damage; skin 

irritation 

Selenium hair and fingernail changes; 
peripheral nervous system 

damage; fatigue and irritability 

hair and fingernail loss, 
damage to kidney and liver 

tissue, nervous and 
circulatory damage 

Thallium gastrointestinal irritation; nerve 
damage 

changes in blood chemistry; 
liver, kidney, intestinal, and 

testicular tissue damage; 
hair loss 

Table 3.1: Health effects of primary drinking water metals. Source: EPA Office of Water. 
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Elemental Maximum Contaminant Level 
Contaminant (MCL — Dob) 

Antimony 6 
Barium 2000 

Beryllium 4 
Cadmium 5 
Chromium 100 

Copper 1300 
Lead (Action Level: >15 ppb)* 

Mercury 2 
Nickel 100 

Selenium 50 
Thallium 2 

Table 3.2: Regulatory requirements for drinking water. * "Action Level" means that 
action must be taken to reduce the amount of Pb present in drinking water when Pb is 
found to be in excess of 15 ppb. Source: EPA Office of Water. 
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The sample matrix of drinking water and wastewater is not as simple as one might 

think. Drinking water and wastewater can both contain high levels of alkali metals, 

alkaline earth metals, and their corresponding counter ions. These matrix constituents 

may interfere with the analyte atoms either spectrally or chemically causing matrix 

effects. This chapter will discuss the development of simultaneous multielement 

methodology for the determination of Ag, Cr, Mn, Pb, and T1 in drinking water and 

wastewater samples. The improvements offered by the CSME-GFAAS methodology 

will be addressed as well as some fundamental limitations of the current experimental 

system for the simultaneous multielement determination or trace metals in environmental 

water samples. 

3.2 Important EPA Terms and Definitions used in Method 200.9 

Because the analytical methods for the majority of the studies in this research 

project used EPA Method 200.9 as a guideline, this section will provide a brief review of 

some of the terms used in EPA methods. Although there are many more terms associated 

with the EPA methods, only those used in these experiments are defined. Furthermore, 

these definitions reflect how these terms were applied in these experiments. A more 

thorough and technical description of these terms is available in the literature [4]. 

3.2.1 Instrument Detection Limit (DDL) 

An instrument detection limit is defined as the concentration equivalent of an 

analyle signal equal to three limes the standard deviation of the calibration blank signal at 

the selected absorbance line [4]. In practice, the calibration blank is measured ten times. 
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and the blank signal divided by the slope of the calibration curve. The resulting quotient 

is reported as the instrument detection limit. 

3.2.2 Method Detection Limit (MDL) 

A method detection limit (MDL) is defined as the minimum concentration of 

analyte that can be identified, measured and reported with 99% confidence that the 

analyte concentration is greater than zero [4]. In practice, seven replicate analyses are 

made of a standard with a concentration two to five times that of the EDL. In many of 

these investigations in which samples are simply diluted with no other sample preparation 

procedure, the low calibration standard fits the above criteria and is used to estimate the 

method detection limit. 

3.2.3 Instrument Performance Check (IPC) 

To test the system for instrument drift, one of the calibration standards, in most 

cases a standard in the middle of the calibration range, is analyzed as a sample 

periodically (every ten samples) while analyzing the unknowns. A measurement error 

greater than 10% was indicative of instrument drift [4]. 

3.2.4 Laboratory Reagent Blank (LRB) 

In each analysis, a Laboratory Reagent Blank (LRB) must be analyzed. The blank 

consists of an aliquot of reagent water that is taken through the entire analytical 

preparation procedure. This sample allows the analyst to determine of there has been any 

contamination from the laboratory environment [4]. 
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3.2.5 Laboratory Fortified Matrix (LFM) 

Finally, other than the sample itself, a Laboratory Fortified Matrix (LFM) is 

prepared for at least one out of every ten samples with a minimum of one. For this 

research project, LFMs were prepared for each true unknown (not certified reference 

materials). An LFM is used to assess matrix effects. An LFM is prepared just as the 

sample would be prepared, but a known amount of analyte is added to the solution prior 

to preparation and analysis. Recovery can then be calculated as shown: 

% R =  x l O O %  
5 

%R is percent recovery, Cs is the fortified sample concentration, C is the 

unfortified sample concentration, and S is the concentration equivalent of the amount of 

analyte added to the sample. An acceptable range of recoveries is 80 — 120% [4]. 

3.3 Simultaneous Determination of Ag, Pb and Tl in Drinking Water and 

Wastewater 

The first problem to be addressed in the development of methods for CSME-

GFAAS is that of element compatibility. Table 3.3 is a list of suggested furnace 

operating conditions for the elements in this study [3]. Note that although there are few 

similarities, the recommended pyrolysis and atomization temperature can vary widely 

between elements. These temperature differences can be further affected by the presence 

of certain matrix constituents. Thus, depending on the elements selected, any 

multielement fumace procedure may require the use of compromise furnace conditions 
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Pvrolvsis Atomization 
Element Temperature ("O Temperature ("O 

Ag 1000 2000 
Cr 1400 2500 
Mn 1200 2200 
Pb 800 1800 
T1 900 1600 

Table 3.3: Suggested operating conditions for Ag, Cr, Mn, Pb, and Tl. 
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that could potentially reduce the overall analytical sensitivity. Therefore, one important 

aspect of any multielement furnace analysis is selecting elements that have similar 

furnace operating conditions to maximize sensitivity for each element and ensure 

accurate quantitation. 

3.3.1 Reagents 

Standards for these analyses were prepared from the reagents described in 

Chapter 2. In addition, two matrix modifier solutions were also obtained from a 

commercial source. The first modifier solution was 20% NH4H2PO4 in 0.05% HNO3 

(MM-9004, High Purity Standards, Charleston, SC). The second modifier solution was 

1500 ppm Pd(N03)2 and 1000 ppm Mg(N03)2 in 10% HNO3 (MM-9101, High Purity 

Standards, Charleston, SC). To simulate matrix effects, solutions of 1000 ppm Na (from 

NaCl) in 1% HCl (High Purity Standards, Charleston, SC), 1000 ppm Ca in 2% HNO3 

(High Purity Standards, Charleston, SC), and 1000 ppm Mg in 2% HNO3 (High Purity 

Standards, Charleston, SC) were used. 

3.3.2 Thermal Characteristics in High Purity Water 

The thermal characteristics of Ag, Pb, and T1 were simultaneously determined in 

high purity (18 MQ) water. A solution of 1 ppb Ag, Cd, Cr and 5 ppb As, Pb, Se, T1 was 

prepared by diluting ICV-GFAA with 5% HNO3. Analytical wavelengths and base 

furnace conditions for the analysis are shown in Tables 3.4 and 3.5, respectively. To 

study the effects of pyrolysis temperature, the sample was analyzed at pyrolysis 

temperatures (Pyrolyis L and Pyrolysis 2) ranging from 250 - 900 °C. To study the 



128 

Element (Wavelength) Detector Coordinates 
Ag (328.07 nm) 278, 83 
Pb (283.31 nm) 367,145 
T1 (276.79 nm) 276,158 
Subarray Size: 1 8 x 3  

Table 3.4; Analytical lines for Ag, Pb, and T1 temperature studies. 

Step Temperature ("O Ramp Time (s) Hold Time (s) 
Dry 110 2 0 

Pyrolysis 1 250 10 10 
Pyrolysis 2 250 0 2 

Atomize 1600 1 4 
Clean 2200 (2400)* 0 2 

FASTAC Settings: Rate: 2.0 mlVmin Delay(s): 15 Deposit(s): 5 

Table 3.5: Base furnace program Ag, Pb, and T1 temperature studies. * For the 
atomization studies the clean temperature was increased to 2400°C. 



129 

effects of atomization temperature, the sample was analyzed at atomization temperatures 

from 900 - 2400 °C. With the exception of the first pyrolysis temperature step, which 

was 250 - 300 °C, the temperature was varied in steps of 100 °C. In each separate study, 

other furnace operating conditions were held constant. The sample was analyzed three 

times at each temperature. 

The results for the pyrolysis and atomization temperature studies are shown in 

Figure 3.1. Note that while Ag, Pb, and T1 have similar atomization characteristics, their 

pyrolysis temperature characteristics vary significantly, especially Tl. Ag showed little 

analyte loss at pyrolysis temperatures lower than 600 °C and Pb showed little analyte loss 

at pyrolysis temperatures lower than 700 °C. However, Tl showed analyte loss after the 

temperature increase to 300 °C and analyte signal fell below 10% of maximum by 600 

°C. 

A common source of analyte loss in GFAAS is volatile compound formation 

during pyrolysis. In this case, the analyte reacts with a matrix constituent to form a 

species that is highly volatile. This compound then evaporates during the pyrolysis step. 

Therefore, simultaneous determinations involving Ag, Pb, and Tl would require a 

very low pyrolysis temperature to prevent the loss of Tl. However, thermal pretreatment 

is a necessary step in graphite furnace. Most references recommend that as high a 

pyrolysis temperature as possible be used to remove matrix constituents that may 

interfere during the atomization step. Potential interferences can be both spectral and 

chemical. Molecular species formed from the matrix during the atomization cycle can 

absorb or scatter radiation from the source [17]. Halide species are well known sources 
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Figure 3.1: Temperature studies for Ag, Pb, and Tl without modification. The top plot is 
the pyrolysis temperature study; the bottom plot is the atomizalion temperature study. 
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of molecular absorbance in GFAAS. Because halide species have narrow absorbance 

bands, typically on the order of a few nm, absorbance due to these species can produce a 

background with a very steep slope as well as attenuate the source signal [3], While the 

method described in this work collects background information from a region very close 

to the analytical line, the linear interpolation between both lo measurements may not be 

as accurate for a specific background absorbance as opposed to a broad-band absorbance 

or scattering phenomenon. 

Aside from spectral interference, matrix constituents can chemically interfere with 

the analyte species as well. Analyte can react with matrix constituents during 

atomization to form compounds that are nonvolatile and will not be atomized during the 

atomization step. Furthermore, analyte atoms can react with gaseous matrix constituents 

preventing atomic absorption as well [3]. Therefore, in the interest of obtaining 

measurements as accurately as possible, removal of potentially interfering matrix 

constituents using thermal pretreatment is important. 

Chemical modifiers have been shown to allow higher pyrolysis temperatures in 

single element analytical situations. There are a wide variety of analytical modifiers for 

many different elements. 

3.3.3 Thermal Characteristics in High Purity Water using NH4H2PO4 as a Modifier 

A commonly available matrix modifier used in GFAAS is N!liH2P04. The 

ability of the modifier solution to stabilize the pyrolysis temperatures of Ag, Pb, and T1 

was tested over a variety of pyrolysis temperatures. A solution of 2 ppb Ag, Cd, Cr and 

10 ppb As, Pb, Se, T1 was prepared by diluting ICV-GFAA with 5% HNO3. Prior to 
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dilution, a I mL spike of 20% NH4H2PO4 was added to the volumetric flask to generate a 

total NTIJH2PO4 concentration of 0.2%. 

Analytical wavelengths and base furnace conditions for the analysis are shown in 

Table 3.6s and 3.7. To study the effects of pyrolysis temperature, the sample was 

analyzed at pyrolysis temperatures (Pyrolysis I and Pyrolysis 2) ranging from 250 - 900 

°C. The temperature was varied in steps of 100 °C with the exception of the first step 

which was from 250 - 300 °C. To study the effects of atomization temperature, the 

sample was analyzed at a pyrolysis temperature of 600 while varying the atomization 

temperature from 700 — 1600 °C in steps of 100 °C and from 1600 — 2000 °C in steps of 

200 °C. The sample was analyzed three times at each temperature. 

The results of the pyrolysis and atomization temp>erature studies are summarized 

in Figure 3.2. Note that all elements including T1 were stabilized to a maximum 

pyrolysis temperature of 600 °C. However, T1 showed a maximum at 600 °C indicating 

that sensitivity is highly dependent on pyrolysis temperature. This response is 

undesirable as imprecision in furnace heating during pyrolysis may introduce imprecision 

into the analytical measurement. Although the ammonium phosphate modifier was 

useful in allowing higher pyrolysis temperatures to be used, the corresponding loss in 

sensitivity warranted further investigation into other matrix modifier systems. 

3.3.4 Thermal Characteristics in High Purity Water with a Pd, Mg Modifier 

Schlemmer and Welz demonstrated that a mixed modifier consisting of an 

aqueous solution of Pd(N03)2 and Mg(N03)2 can act as a more universal matrix modifier. 

Schlemmer and Welz research demonstrated that the mixed Pd, Mg modifier could 
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Element (Wavelength) Detector Coordinates 
Ag (328.07 nm) 277, 83 
Pb(283.3lnm) 367,145 
T1 (276.79 nm) 275,157 
Subarray Size: 1 8 x 3  

Table 3.6: Analytical lines for Ag, Pb, and T1 temperature studies with 0.2% NH4H2PO4 
modifier. 

Step 
Dry 

Pyrolysis 1 
Pyrolysis 2 

Atomize 
Clean 

FASTAC Settings: 

Temperature (**C) 
110 
250 
250 
1600 
2200 

Rate: 2.0 mL/min 

Ramp Time (s) 
2 
10 
0 
1 
0 

Delay (s): 15 

Hold Time fs) 
0 
10 
2 
4 
2 

Deposit(s): 5 

Table 3.7: Base furnace program Ag, Pb, and Ti lemperature studies with 0.2% 
NH4H2PO4 modifier. 
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stabilize both the pyrolysis and atomization temperatures of As, Bi, In, Pb, Sb, Se, Sn, 

Te, and Tl. Their results showed that addition of the modifier enabled the use of higher 

and more uniform pyrolysis and atomization temperatures for all elements studied 

including Tl. Although their studies centered on elements in Group IIIA to VIA, they 

suggested that the mixed Pd, Mg modifier may be applicable to a much wider range of 

elements including Group IB and IIB which would include Ag [17]. Furthermore, a 

standard matrix modifier system would be ideal for multielement furnace applications. 

The thermal characteristics of Ag, Pb, and Tl in the Pd, Mg modifier were 

simultaneously studied using CSME-GFAAS. A solution of 2 ppb Ag, Cd, Cr and 10 

ppb As, Pb, Se, Tl was prepared by diluting 0.5 mL of a ICV-GFAA to 100 mL with 5% 

HNO3. Prior to dilution, a 0.4 mL spike of 1500 ppm Pd, 1000 ppm Mg modifier 

solution (High Purity Standards, Charleston, SC) was added to the volumetric flask to 

generate total modifier concentrations of 6 ppm Pd and 4 ppm Mg. 

Analytical wavelengths and base furnace conditions for the analysis are shown in 

Tables 3.8 and 3.9, respectively. To study the effects of pyrolysis temperature, the 

sample was analyzed at pyrolysis temperatures (Pyrolyis 1 and Pyrolysis 2) ranging from 

250 - 900 °C. To study the effects of atomization temperature, the sample was analyzed 

at atomization temperatures from 900 — 2400 °C. With the exception of the first 

pyrolysis temperature step, which was 250 - 300 *^C, the temperature was varied in steps 

of 100 °C. In each separate study, other furnace operating conditions were held constant. 

The sample was analyzed three times at each temperature. 
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Element (Wavelength) Detector Coordinates 
Ag (328.07 nm) 278, 83 
Pb (283.31 nm) 367,145 
T1 (276.79 nm) 276, 158 
Subarray Size: 1 8 x 3  

Table 3.8: Analytical lines for Ag, Pb, and T1 temperature studies with Pd, Mg modifier. 

Step Temperature (®C) Ramp Time (s) Hold Time (s) 
Dry 110 2 0 

Pyrolysis 1 250 10 10 
Pyrolysis 2 250 0 2 

Atomize 1600 I 4 
Clean 2200 0 2 

FASTAC Settings: Rate: 2.0 mL/min Delay (s): 15 Deposit(s): 5 

Table 3.9: Base furnace program Ag, Pb, and T1 temperature studies with Pd, Mg 
modifier. 
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The results of the Pd, Mg modified solution are presented in Figure 3.3. The Pd, 

Mg modifier successfully stabilized Ag, Pb, and T1 with no significant loss in sensitivity 

to a maximum pyrolysis temperature of 700 °C. Furthermore, T1 sensitivity was actually 

enhanced by approximately 35% when compared to a solution of 2 ppb Ag, Cd, Cr and 

10 ppb As, Pb, Se, T1 without modifier analyzed at base furnace conditions. 

In the case of the Pd, Mg modifier solution in high purity water, the data suggest 

that analyte loss due to the formation of volatile compounds during the pyrolysis step 

may not be occurring at all. Instead, the data indicate the elements are stable until a 

temperature sufficient to begin atomizing the element is reached. For Ag, analyte is 

completely lost in the pyrolysis step at a temperature of 900 °C. However, in the 

atomization study, 900 °C is sufficient to begin atomizing Ag, indicating that at a 

pyrolysis temperature of 900 °C, analyte loss is occurring due to atomization of the 

analyte species. For Pb, analyte is completely lost at a pyrolysis temperature of 1100 °C. 

However, atomization appears to begin talcing place at 1000 °C, also indicating that at 

higher temperatures, analyte loss during the pyrolysis step appears to be caused by 

analyte atomization. The same conclusion is indicated for T1 as well. Analyte is 

completely lost in the pyrolysis step at a temperature of 1000 °C whereas low levels of 

atomization appear to be occurring at 900 °C. 

Overall, the Pd, Mg modifier allowed the use of much higher pyrolysis 

temperatures than possible with an unmodified solution. Furthermore, the temperature 

vs. time profiles did not show a strong correlation between pyrolysis temperature and 
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sensitivity as with the 0.2% NH4H2PO4 modifier's effect on Tl. Based on these results, 

the Pd, Mg modifier will be used in subsequent analyses involving Ag, Pb. and Tl. 

3.3.5 Mechanism of Pd, Mg Stabilization 

The mechanism of stabilization of the Pd, Mg modifier is not fully understood. 

Schiemmer and Welz suggested that Pd may stabilize these elements by forming an alloy 

with analyte metals. While trapped in the Pd matrix, the analyte cannot form volatile 

atomic salts and therefore evaporate during pyrolysis [17]. However, this explanation 

does not explain the performance of the Mg(N03)2 portion of the modifier combination. 

Qiao and Jackson demonstrated that in the absence of Mg(N03)2, Pd forms large droplets 

and broadens the absorption peaks of the analyte. Using scanning electron microscopy, 

the authors showed that MgCNOs)? acts as a dispersing agent, preventing the formation of 

large droplets and producing an even coating of the modifier over the surface of the 

graphite. Their data also suggest that the analyte dissolves in these Pd droplets and may 

undergo chemical reactions as well [18]. Furthermore, Pszonicki and Dudek suggested 

that Mg(N03)2 has modifier properties of its own aside from the dispersing effect [19]. 

Both Qiao and Jackson, and Pszonicki and Dudek also pointed out the inconsistencies in 

the literature concerning modifier effects as well as modifier mechanisms. Considering 

Pszonicki and Dudek's work was published in 1999, the specific physical and chemical 

action of these matrix modifiers is still an interesting topic for future study. 
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3.3.6 Simultaneous determination of Ag, Pb. and T1 in Certified Reference Materials 

Having obtained a modifier solution capable of stabilizing all three analytes at 

higher pyrolysis temperatures and thermal data to assist in furnace program selection, the 

next step was determining the accuracy and precision of the analytical method. The 

ability to accurately and precisely obtain analytical information was tested by analyzing a 

commercially prepared wastewater certified reference material and a drinking water 

certified reference material. The certified elemental analysis of both the certified 

wastewater sample and certified drinking water sample is presented in Tables 3.10 and 

3.11, respectively. Note that the certified drinking water reference material contains 

concentrations of Na, Ca, Mg, and K. 

Calibration standards were prepared from ICV-GFAA, the Pd, Mg modifier 

solution, and 5% HNO3. Standard preparation is tabulated in Table 3.12. Samples were 

prepared using the respective certified reference material, the matrix modifier solution, 

and 5% HNO3. For the drinking water reference material, 25 mL of the sample was 

diluted to 100 mL with 5% HNO3. Prior to dilution a 1.0 mL spike of the Pd, Mg 

modifier solution was added, resulting in final modifier concentrations of 15 ppm Pd and 

10 ppm Mg. The certified wastewater solution is provided by the manufacturer in a vial 

that is to be diluted to 1000 mL prior to use. After dilution, the solution has the 

concentrations listed in Table 3.10. For this experiment, a 0.500 mL aliquot of the 

undiluted vial was diluted to 100 mL. The resulting concentrations were therefore half of 

those listed in Table 3.10. Prior to dilution a LO mL spike of the Pd, Mg modifier 

solution was added, resulting in modifier concentrations of 15 ppm Pd and 10 ppm Mg. 
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Element Concentration 
Aluminum 25 
Antimony 5 

Arsenic 5 
Barium 25 

Beryllium 5 
Boron 25 

Cadmium 25 
Chromium 25 

Cobalt 25 
Copper 25 

Iron 25 
Lead 25 

Manganese 25 
Mercury 1 

Molybdenum 25 
Nickel 25 

Selenium 5 
Silver 5 

Strontium 25 
Thallium 5 
Vanadium 25 

Zinc 25 

Table 3.10: Certified values for wastewater reference material (CWW-TM-E, High 
Purity Standards, Charleston, SC). 
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Element Concentration (ne/mL) 
Aluminum 120 
Antimony 10 
Arsenic 80 
Barium 50 

Beryllium 20 
Bismuth 10 

Cadmium 10 
Calcium 35000 

Chromium 20 
Cobalt 25 
Copper 20 

Iron 100 
Lead 40 

Lithium 20 
Magnesium 9000 
Manganese 40 

Molybdenum 100 
Nickel 60 

Potassium 2500 
Rubidium 10 
Selenium 10 

Silver 2 
Sodium 6000 

Strontium 250 
Tellurium 3 
Thallium 10 
Vanadium 30 
Uranium 10 

Zinc 70 

Table 3.11: Certified values for drinking water reference material (CRM-TMDW, High 
Purity Standards, Charleston, SC). 
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Amount Amount 
of of 

Sample Standard Modifier 
Name (mL) fmL) 
Blank 0 1.000 

Standard 
Concentration 

0 ng/mL Ag, As, Cd, Cr, 
Pb, Se, T1 

Modifier 
Concentration 

15 ug/naL Pd 
10 ug/mL Mg 

Std#l 0.100 1.000 0.4 ng/mL Ag, Cd, Cr 
2.0 ng/mL As, Pb, Se, T1 

15 Ug/mL Pd 
10 Ug/mL Mg 

Std #2 0.250 1.000 1.0 ng/mL Ag, Cd, Cr 
5.0 ng/mL As, Pb, Se, TI 

15 Ug/mL Pd 
10 Ug/mL Mg 

Std #3 0.500 1.000 2.0 ng/mL Ag, Cd, Cr 
10.0 ng/mL As, Pb, Se, Tl 

15 Ug/mL Pd 
10 Ug/mL Mg 

Std #4 1.000 1.000 4.0 ng/mL Ag, Cd, Cr 
20.0 ng/mL As, Pb, Se, Tl 

15 ug/nvL Pd 
10 Ug/mL Mg 

Table 3.12: Sample preparation for the determination of Ag, Pb, and Tl in certified 
reference materials. Final volume for all solutions was 100 mL. 
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The analytical lines and furnace program chosen for analysis are shown in Tables 3.13 

and 3.14 respectively. The order of solutions analyzed and the number of trials are 

shown in Figure 3.4. A summary of the calibration data is presented in Figure 3.5. The 

results of the analysis are shown in Table 3.15. 

For Ag, the stray light correction described in Chapter 2 was used. Following 

correction, the correlation coefficient for Ag was 0.999 and the method detection limit 

was 0.15 ppb. Both instrument performance checks were well below the 10% guideline, 

indicating that instrument drift was not an issue for Ag. The measured Ag concentration 

of the certified wastewater sample showed only 4.8% error with respect to its actual 

concentration. The RSD for this sample was also only 1.3%. For the drinking water 

sample, the error in measured concentration was only 4.0% with an RSD of 16.8%. The 

high RSD value is expected considering that the concentration of the sample is only twice 

the detection limit. 

For Pb, a stray light correction was unnecessary. The correlation coefficient for 

the calibration cur\'e was 0.999 and the method detection limit was 1.89 ppb. Both 

instrument performance checks were well below the 10% guideline, indicating that 

instrument drift was also not an issue for Pb. The error in measured Pb concentration for 

both samples was only 2.3% for the wastewater and 1.7% for the drinking water. All 

RSD values fell below 10%. 

For Tl, again no stray light correction was necessary. The correlation coefficient 

for the calibration curve was 0.996 and the detection limit was 1.16 ppb. Both instrument 

performance checks were well below the 10% guideline, indicating that instrument drift 
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Element (Wavelength) Detector Coordinates 
Ag (328.07 nm) 277, 82 
Pb (283.31 nm) 367,144 
T1 (276.79 nm) 275, 157 
Subarray Size: 18x3 

Table 3.13: Analytical lines for analysis of Ag, Pb, and T1 in certified reference 
materials. 

Step Temperature ("O Ramp Time (s) Hold Time (s) 
Dry 110 2 0 

Pyrolysis 1 600 10 30 
Pyrolysis 2 600 0 2 

Atomize 1600 1 5 
Clean 2200 0 2 

FASTAC Settings: Rate: 2.0 mL/min Delay(s): 15 Deposit(s): 5 

Table 3.14: Furnace program for analysis of Ag, Pb, and T1 in certified reference 
materials. 



Blank (10 Trials) 

Standard #1 (7 Trials) 

Standard #2 (3 Trials) 

Standard #3 (3 Trials) 

Standard #4 (3 Trials) 

Instrument Performance Check - Standard #3 (3 Trials) 

CWW-TM-E (3 Trials) 

CRM-TMDW (3 Trials) 

Instrument Performance Check - Standard #3 (3 Trials) 

Figure 3.4: Analysis procedure for the determination of Ag, Pb, T1 in certified reference 
materials. 
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Figure 3.5: Calibration summary for the determination of Ag, Pb, and Tl in certified 
reference materials. 
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Certified Measured 
Concentration Concentration 

Element/Solution Cna/mL) (ne/mL) Error RSD 
Ag 328.07 nm 
- IPC#1 2.00 2.03 1.5 % 2.5 % 
- CWW 2.50 2.38 4.8 % 1.3 % 
- Drinking Water 0.50 0.52 4.0 % 16.8 % 
- IPC #2 2.00 1.98 1.0% 3.3 % 

Pb 283.31 nm 
- IPC#1 10.00 10.03 0.3 % 3.2 % 
-CWW 12.50 12.21 2.3 % 4.5 % 
- Drinking Water 10.00 9.83 1.7 % 3.3 % 
- IPC #2 10.00 10.11 1.1 % 6.4 % 

Tl 276.79 nm 
- IPC#l 10.00 9.98 0.2 % 2.4 % 
-CWW 2.50 2.25 10.0 % 24.2 % 
- Drinking Water 2.50 2.20 12.1 % 5.9 % 
- IPC #2 10.00 10.09 0.9 % 7.6 % 

Table 3.15: Results of the determination of Ag, Pb, and T1 in certified reference 
materials. 
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was not an issue for T1 either. However, the error in measured concentration for both 

certified reference materials did slightly exceed 10%. This error was expected 

considering both samples are roughly twice the detection limit, also explaining the high 

RSD of the wastewater sample. 

The accuracy and precision of the multielement furnace methodology appear to be 

very good. The expected EPA method detection limits for Ag, Pb, and T1 are 0.5, 0.7 and 

0.7 ppb, respectively [4]. The detection limits in these studies were 0.15. 1.89, and 1.16 

ppb for each element, respectively. Keeping in mind that increasing nebulized deposition 

time will lower detection limits, detection limits of the CSME-GFAAS system for these 

three elements approaches that of conventional LS-GFAAS. 

3.3.7 Robustness of Method at Varying Levels of Water Hardness 

To test the robustness of the modifier solution, an analysis of simulated 

environmental water samples of varying levels of water hardness was performed. The 

certified reference material for these experiments was the certified wastewater (CWW-

TM-E, High Purity Standards, Charleston, SC). Concentrations of the components are 

presented in Table 3.11. Standards were prepared according to Table 3.16. Samples 

were all prepared by diluting 0.5 mL of CWW-TM-E with 5% HNO3. Before dilution a 

1.0 mL spike of the Pd, Mg modifier solution was added. In addition, the effects of water 

hardness were simulated by spiking the solutions with varying amounts of 1000 ppm Na 

(from NaCl), 1000 ppm Ca, and 1000 ppm Mg solutions. Table 3.16 also contains the 

concentrations of the sample matrices. 



150 

Sample 
Name 

Amount 
of 

Standard 
(mL) 

Amount 
of 

Modifier 
(mL) 

Standard 
Coneentration 

Modifier 
Concentration 

Blank 0 1.000 0 ppb Ag, As, Cd, Cr, Pb, 
Se, T1 

15 ppm Pd 
10 ppm Mg 

Std#l O.lOO 1.000 0.4 ppb Ag, Cd, Cr 
2.0 ppb As. Pb, Se, T1 

15 ppm Pd 
10 ppm Mg 

Std #2 0.250 1.000 l.O ppb Ag, Cd, Cr 
5.0 ppb As, Pb, Se, T1 

15 ppm Pd 
10 ppm Mg 

Std #3 0.500 1.000 2.0 ppb Ag, Cd, Cr 
10.0 ppb As, Pb, Se, T1 

15 ppm Pd 
10 ppm Mg 

Std #4 1.000 1.000 4.0 ppb Ag, Cd, Cr 
20.0 ppb As, Pb, Se, T1 

15 ppm Pd 
10 ppm Mg 

Sample Name 
Analvte 
Cone. Cone. 

Ca 
Cone. 

Mg 
Cone. 

CWW-TM-E 12.5 ppb Pb 
2.5 ppb Ag, T1 

0 ppm 0 ppm 0 ppm 

CWW-TM-E 
Soft Water 

12.5 ppb Pb 
2.5 ppb Ag, T1 

10 ppm 25 ppm 25 ppm 

CWW-TM-E 
Moderate Water 

12.5 ppb Pb 
2-5 ppb Ag, T1 

20 ppm 50 ppm 50 ppm 

CWW-TM-E 
Hard Water 

12.5 ppb Pb 
2.5 ppb Ag, T1 

40 ppm 100 ppm 100 ppm 

CWW-TM-E 
+ 50 ppm Na 

12.5 ppb Pb 
2.5 ppb Ag, T1 

50 ppm 0 ppm 0 ppm 

CWW-TM-E 
+ 100 ppm Ca 

12.5 ppb Pb 
2.5 ppb Ag, T1 

0 ppm 100 ppm 0 ppm 

CWW-TM-E 
-1- 100 ppm Mg 

12.5 ppb Pb 
2.5 ppb Ag, T1 

0 ppm 0 ppm 100 ppm 

Hard Water Blank 0 ppb 40 ppm 100 ppm 100 ppm 

Table 3.16: Sample preparation for the determination of Ag, Pb, and T1 in varying levels 
of water hardness. Final volume for all solutions was 100 mL. 
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Samples were analyzed by a method similar to EPA Method 200.9. Analytical 

lines and furnace conditions are shown in Table 3.17 and 3.18, respectively. For this 

analysis, note that the Ag 338.29 nm line was used. Ag 328.07 nm is a very sensitive 

line. In the previous studies, a stray light correction was necessary to maintain 

calibration linearity. As stated earlier, one of the advantages of using the CID detection 

system is wavelength flexibility. For this analysis, a slightly less sensitive line was used 

to maintain calibration linearity without a correction. The blank solution was analyzed 

ten times, the lowest standard seven times, and the remaining solutions, three times each. 

Between standards of differing matrix constituents a blank was run three times to ensure 

the removal of any matrix. An instrument performance check employing a retrial of the 

third calibration standard was performed twice during the course of unknown analysis to 

ensure calibration stability. The analytical scheme is diagrammed in Figure 3.6. 

Calibration curves for each element are shown in Figure 3.7. Table 3.19 

summarizes the results for the experiment. For the untreated wastewater sample, results 

within 10% of the known value were obtained for all elements. However, for the 

remaining samples the T1 signal was completely lost in samples treated with increasing 

levels of Na, Ca, and Mg. The samples prepared to study the effects of individual 

constituents showed that the presence of Na resulted in the largest amount of signal 

suppression. The Na spiking solution was prepared from NaCl. Because chlorides are a 

common interferent in graphite furnaces, it is possible that the formation of chloride 

species may result in analyte loss or interference. The presence of Ca caused a 

substantial amount of signal suppression as well. The only other instance in which an 



Element (Wavelength) Detector Coordinates 
Ag (338.29 nm) 223, 72 
Pb (283.31 run) 367,144 
Tl (276.79 nm) 275,157 
Subarray Size: 1 8 x 3  

Table 3.17: Analytical lines for determination of Ag, Pb, and Tl in varying levels of 
water hardness. 

Step Temperature ("O Ramp Time (s) Hold Time (s) 
Dry 110 2 0 

Pyrolysis 1 600 10 30 
Pyrolysis 2 600 0 2 

Atomize 1600 I 5 
Clean 2200 0 2 

FASTAC Settings: Rate: 2.0 mUmin Delay(s): 15 Deposit(s); 5 

Table 3.18: Furnace program for determination of Ag, Pb, and Tl in varying levels of 
water hardness. 



Blank (10 Trials) 

Standard #1 (7 Trials) 

Standard #2 (3 Trials) 

Standard #3 (3 Trials) 

Standard #4 (3 Trials) 

CWW-TM-E (3 Trials) 

CWW-TM-E Soft Water (3 Trials) 

CWW-TM-E Moderate Water (3 Trials) 

CWW-TM-E Hard Water (3 Trials) 

Instrument Performance Check - Standard #3 (3 Trials) 

CWW-TM-E + 50 ppm Na (3 Trials) 

CWW-TM-E + 100 ppm Ca (3 Trials) 

CWW-TM-E + 100 ppm Mg (3 Trials) 

Instrument Performance Check - Standard #3 (3 Trials) 

Hard Water Blank (3 Trials) 

Figure 3.6: Analysis procedure for Ag, Pb, TI in varying levels of water hardness. 



154 

20 1 

0 ^; 

0 12 3 4 

Concentration (ng/mL) 

35 
f3 

< 
30 f3 

< 25 -

O 20 -
rz -O 15 -
o :/5 1 0 -
< 5 . 

0 -

0 5 10 15 20 

Concentration (ng/mL) 

50 

40 -

30 

20 -

10 
_ 

0 

0.00 5.00 10.00 15.00 20.00 

Concentration (ng/mL) 

Ag (338.29 nm) 
R-= 0.996 
EDL (ng/mL) = 0.27 
MDL (ng/mL) = 0.44 

Pb (283.31 nm) 
R- = 0.999 
DDL (ng/mL) = 1.25 
MDL (ng/mL) = 1.79 

Tl (276.79 nm) 
R- = 0.997 
EDL (ng/mL) = 0.78 
MDL (ng/mL) = 0.63 

Figure 3.7: Calibration summary for the determination of Ag, Pb, and Tl in varying 
levels of water hardness. 
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Certified Measured 
Concentration Concentration 

Element/Solution (ne/mL) (ne/mL) Error RSP 
Ag 328.07 nm: 
- CWW-TM-E 2.50 2.58 3.2 % 0.5 % 
- CWW-TM-E Soft 2.50 2.69 7.6 % 2.4% 
- CWW-TM-E Moderate 2.50 2.59 3.6 % 1.1 % 
- CWW-TM-E Hard 2.50 2.67 6.8 % 2.2% 
-IPC#1 2.00 2.11 5.5 % 2.6 % 
- CWW-TM-E + 50 ppm Na 2.50 2.53 1.2 % 3.6% 
- CWW-TM-E + 100 ppm Ca 2.50 2.80 12.0 % 3.5 % 
- CWW-TM-E + 100 ppm Mg 2.50 2.68 7.2 % 2.0% 
-IPC #2 2.00 2.13 6.5 % 4.9 % 

Pb 283.31 nm: 
- CWW-TM-E 12.50 12.23 2.2% 3.6% 
- CWW-TM-E Soft 12.50 11.60 7.2 % 0.7 % 
- CWW-TM-E Moderate 12.50 11.40 8.8 % 3.0% 
- CWW-TM-E Hard 12.50 12.21 2.3 % 2.9 % 
-IPC#1 10.00 10.63 6.3 % 3.4% 
- CWW-TM-E + 50 ppm Na 12.50 13.48 7.8 % 4.7 % 
- CWW-TM-E + 100 ppm Ca 12.50 13.61 8.9 % 4.9 % 
- CWW-TM-E + 100 ppm Mg 12.50 12.56 0.5 % 7.3 % 
- IPC #2 10.00 10.62 6.2 % 3.6% 

Tl 276.79 nm: 
- CWW-TM-E 2.50 2.71 8.4 % 24.1% 
- CWW-TM-E Soft 2.50 <0.63 n/a n/a 
- CWW-TM-E Moderate 2.50 <0.63 n/a n/a 
- CWW-TM-E Hard 2.50 <0.63 n/a n/a 
-IPC#1 10.00 9.82 1.8 % 4.5 % 
- CWW-TM-E + 50 ppm Na 2.50 0.92 63.2% 2.5 % 
- CWW-TM-E -t- 100 ppm Ca 2.50 2.03 18.8 % 2.8 % 
- CWW-TM-E + 100 ppm Mg 2.50 2.50 0% 10.9 % 
-IPC #2 10.00 10.38 3.8 % 1.7 % 

Table 3.19: Results of the determination of Ag, Pb, and Ti in varying levels of water 
hardness. 
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individual component affected the signal of an element was Ag in 100 ppm Ca. This 

solution showed a slight signal enhancement. 

A probable cause for the T1 signal loss was evaporation of Tl. Note that in a 

solution in which Na, Ca, and Mg are present at levels expected in drinking water, the Pd 

component of the matrix modifier is no longer in excess. Figure 3.8 shows the results of 

a pyrolysis temperature study of the certified wastewater solution when the 

concentrations of Na, Ca, and Mg are 40, 100, and 100 ppm, respectively. Note that Tl 

shows substantial losses in sensitivity at temperatures greater than 300 °C. This behavior 

is somewhat different from that in unmodified high purity water. At a pyrolysis 

temperature of 300 °C, the measured signal of the certified reference material without 

addition of metals was 6.30 Abs*s. The measured signal of the certified reference 

material with 40 ppm Na, 100 ppm Ca, Mg was 6.01 Abs*s. 

Two additional pyrolysis temperature studies were performed to determine the 

effect of increasing the amount of modifier on pyrolysis temperatures. Two solutions 

were made from the graphite furnace standard ICV-GFAA. Both samples contained 2 

ppb Ag, Cd, Cr and 10 ppb As, Pb, Se, Tl enriched with 10 ppm Na, 25 ppm Ca, and 25 

ppm Mg. However, the first sample contained an additional 15 ppm Pd and 10 ppm Mg 

modifier while the second contained an additional 150 ppm Pd and 100 ppm Mg. In the 

first sample the Pd component of the modifier solution is not in excess of the matrix 

concentration, but in the second, the Pd component is in excess. The temperature studies 

of these two samples are shown in Figure 3.9. Note that the additional Pd modifier does 
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little to prevent the loss of T1 at higher pyrolysis temperatures. In fact, T1 signal was 

slightly surpressed even at lower temperatures with the additional modifier. 

3.3.8 Conclusions 

The experimental results showed that the CSME-GFAAS system was capable of 

providing accurate and precise quantitative information on Ag, Pb and T1 simultaneously. 

Although Ag is not a primary drinking water metal, the element proved to be very robust 

to matrix effects. Therefore, Ag shows potential as an external standard. In many cases 

in these analyses, Ag was used to identify erroneous standards from standards exhibiting 

matrix effects. Only at high levels of only Ca did Ag fall outside the 10% window of 

error, even then, the error was only 12.2%. 

Pb was also very robust to matrix effects in the simulated drinking water samples. 

However, TI showed substantial signal loss when analyzed in the presence of high 

concentrations of alkali and alkaline earth metals. The modifier was capable of allowing 

Tl determination in lower concentrations of these matrix constituents as in the case of the 

certified drinking water reference material. However, the modifier was not capable of 

preventing signal loss at temperatures higher than 300 °C when higher concentrations of 

matrix were present. In these cases, the speed of simultaneous multielement 

determination allows simple sample preparation steps to be considered. For drinking 

water, a strong cation and anion exchange solid phase extraction cartridge could be used 

to rapidly remove potential interfering alkali and alkaline earth metals and their 

corresponding counter ions. 
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3.4 Determination of Cr and Mn in Drinking Water and Wastewater 

The next study involved the development of a method for determining Cr and Mn 

in drinking water. As stated earlier, the furnace conditions of Cr, and Mn are different 

from those of Ag, Pb, and Tl. 

3.4.1 Thermal Characteristics in High Purity Water 

The thermal characteristics of Cr and Mn were simultaneously determined in high 

purity (18 MQ) water. A solution of 10 ppm Cr and Mn was prepared by diluting ICP-

AM-5 with 5% HNO3. Analytical wavelengths and base furnace conditions for the 

analysis are shown in Tables 3.20 and 3.21 respectively. To study the effects of pyrolysis 

temperature, the sample was analyzed at pyrolysis temperatures (Pyrolyis 1 and Pyrolysis 

2) ranging from 250 - 1400 °C. To study the effects of atomization temperature, the 

sample was analyzed at atomization temperatures from 1000 - 2400 °C. With the 

exception of the first pyrolysis temperature step, which was 250 - 300 °C, the 

temperature was varied in steps of 100 °C. Also, above 1400 °C, the atomization 

temperature was varied in steps of 200 °C. In each separate study, other furnace 

operating conditions were held constant. The sample was analyzed three times at each 

temperature. 

The results of the analysis are shown in Figure 3.10. Note that unlike Ag, Pb, and 

especially Tl, both elements can sustain a pyrolysis temperature of up to 900 °C without 

modification. Cr can even undergo a pretreatment temperature of 1000 "C. For 

atomization, the sensitivity of both elements continued to increase as temperature 

increased. This behavior is in contrast to the behavior of Ag, Pb, and Tl in which a 
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Element (Wavelength) Detector Coordinates 
Cr (359.35 nm) 308, 53 
Mn (280.11 nm) 77,151 
Subarray Size: 21 \ 3 

Table 3.20: Analytical lines for temperature studies of Cr and Mn. 

Step 
Dry 

Pyrolysis 1 
Pyrolysis 2 

Atomize 
Clean 

FASTAC Settings: 

Temperature (*^C) 
110 
250 
250 

2400 
2400 

Rate: 2.0 mL/min 

Ramp Time (s) 
2 
10 
0 
0 
0 

Delay (s): 15 

Hold Time (s> 
0 
30 
2 
6 
2 

Deposit(s): 5 

Table 3.21: Base furnace program for temperature studies of Cr and Mn. 
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maximum was achieved between 1400 and 1600 °C, with a small decrease in sensitivity 

as temperature continued to increase. Furthermore, as will be shown later, Cr 

demonstrates tailing at higher concentrations even at 2400 °C. Although the fumace can 

reach temperatures higher than 2400 °C, cuvettes begin to degrade very rapidly at 

elevated temperatures. Therefore, the maximum of 2400 °C was used in subsequent 

experiments involving Cr and Mn. 

3.4.2 Simultaneous Determination of Cr and Mn in Certified Reference Materials 

To determine the ability of the system to obtain reasonable, quantitative chemical 

information on these two elements, analyses of the certified wastewater and drinking 

water solutions was performed. Standards of 2, 5, 10, and 20 ppb Cr and Mn were 

prepared from ICP-AM-5. The normal method of sample preparation for the certified 

wastewater solution (CWW-TM-E, High Purity Standards, Charleston, SC) consisted of 

diluting the entire sample (10 mL) in 1 L of 5% HNO3 to generate the concentrations 

listed in Table 3.11. For these experiments, 0.5 mL of the sample was diluted in 100 mL 

5% HNO3 to generate a solution in which concentration values were half those listed in 

Table 3.11. The same certified drinking water sample (CRM-TMDW, High Purity 

Standards, Charleston, SC) was diluted 1:4 with 5% HNO3 in high purity water. 

The analytical lines and fumace program used for the analyses are shown in 

Tables 3.22 and 3.23, respectively. Figure 3.11 lists the samples in the order in which 

they were analyzed and the number of trials for each sample. 

The calibration data for both elements are summarized in Figure 3.12; the results 

of the analyses are shown in Table 3.24. The stray light correction was used for both 
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Element (Wavelength) Detector Coordinates 
Cr (359.35 nm) 308, 53 
Mn (280.11 nm) 77,151 
Subarray Size: 21x3 

Table 3.22: Analytical lines for determination of Cr and Mn in certified reference 
materials. 

Step 
Dry 

Pyro lysis 1 
Pyrolysis 2 

Atomize 
Clean 

FASTAC Settings: 

Temperature (^C) 
110 
700 
700 
2400 
2400 

Rate: 2.0 mlVmin 

Ramp Time (s) 
2 
10 
0 
0 
0 

Deiay(s): 15 

Hold Time (s) 
0 
30 
2 
6 
2 

Deposit(s): 5 

Table 3.23: Furnace program for determination of Cr and Mn in certified reference 
materials. 



Blank (10 Trials) 

2 ppb Standard (7 Trials) 

5 ppb Standard (3 Trials) 

10 ppb Standard (3 Trials) 

20 ppb Standard (3 Trials) 

Instrument Performance Check - 10 ppb Standard (3 Trials) 

CWW-TM-E (3 Trials) 

CRM-TMDW (3 Trials) 

Instrument Performance Check - 10 ppb Standard (3 Trials) 

Figure 3.11: Analysis procedure for Cr, Mn in certified reference materials. 
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Figure 3.12: Calibration summary for the determination of Cr and Mn in certified 
reference materials. 
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Certified Measured 
Concentration Concentration 

Element/Solution fne/mL) (ne/mL) Error RSP 
Cr 359.35 nm: 
- rpc#i 10.00 10.12 1.2 % 2.0% 
- Wastewater 12.50 12.53 0.2% 1.6 % 
- Drinking Water 5.00 5.37 7.4% 0.5 % 
-IPC #2 10.00 10.28 2.8 % 0.9% 

Mn 280.11 nm: 
-IPC#1 10.00 10.04 0.4% 1.1 % 
- Wastewater 12.50 12.68 1.8 % 2.6% 
- Drinking Water 10.00 10.08 0.8 % 3.8% 
- IPC #2 10.00 9.83 1.7 % 1.3 % 

Table 3.24: Results of the determination of Cr and Mn in certified reference materials. 
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calibration curves. After correction, the correlation coefficient for both curves was 0.999. 

For the determination of Cr, the instrument performance checks were within 10% of the 

actual value of the standard, indicating that instrument drift was not an issue. The 

wastewater sample was measured to within 0.2% of its actual value and the drinking 

water was measured to within 7.4% of its actual value. The RSD for all samples was 

2.0% or less. Mn results were very good as well; both instrument performance checks 

were within 10% of the actual value of the standard indicating that instrument drift was 

not an issue for Mn either. Both the drinking water and wastewater samples were 

measured to within 2% of their actual value. The RSD's were less than 4.0% for all 

samples. 

Method detection limits for Cr and Mn were 0.44 ppb and l.IO ppb respectively. 

The EPA expected detection limits for both Cr and Mn are O.i ppb and 0.3 ppb [4]. 

Again, keeping in mind that detection limits of this system can be lowered by increasing 

nebulized deposition time, these detection limits approach those of LS-GFAAS. Another 

consideration affecting detection limits in these experiments was that the most sensitive 

line for Cr and Mn was not used. For Cr, the most sensitive line (357.9 nm) was not 

available. The dispersion on lower orders (longer wavelength) is such that some 

wavelengths are not focused on the detector. This is contrary to the situation at higher 

orders where a given wavelength may lie on two orders. Furthermore, for the 

concentrations of samples analyzed in these methods and in the next chapter, the most 

sensitive line was not necessary. Use of the most sensitive line may have severely 

limited the dynamic range. Again, this analysis illustrates the utility of having multiple 
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lines available for the same element. Although the most sensitive Mn line (279.48 nm) 

was available for use, the Mn 280.11 nm line was used instead as the concentrations of 

the samples to be analyzed did not warrant use of the most sensitive line. 

3.4.3 Robustness of Method in Varying Levels of Water Hardness 

As demonstrated in the previous section, environmental water can have very high 

concentrations of alkali and alkaline earth metals with corresponding counter ions that 

can have significant effects on the pyrolysis and atomization properties of the analytes. 

The purpose of this section is to determine the effects of water hardness on the accuracy 

and precision of the method. 

As in the Ag, Pb, and T1 studies, a series of standards were prepared using the 

certified wastewater sample in varying levels of water hardness. Calibration standards of 

l.O, 2.5, 5, 10, and 20 ppb Cr, Mn were prepared by diluting ICP-AM-5 with 5% HNO3. 

Samples were prepared from CWW-TM-E and 1000 ppm solutions of Na, Ca, and Mg. 

As with the Ag, Pb, and T1 study, soft water was 10 ppm Na, and 25 ppm Ca, Mg. 

Moderate water was 20 ppm Na and 50 ppm Ca, Mg. Hard Water was 40 ppm Na and 

100 ppm Ca, Mg. A sample of CWW-TM-E without matrix was prepared as well as a 

hard water blank consisting of no analyte and 40 ppm Na and 100 ppm Ca, Mg. 

Analytical lines and furnace conditions are shown in Tables 3.25 and 3.26. The analysis 

procedure is outlined in Figure 3.13. 

The resulting calibration curves are shown in Figure 3.14 and the results of the 

experiment are tabulated in Table 3.27. Again a stray light correction was used for both 

calibration curves. After correction, the Cr 359.35 calibration's correlation coefficient 
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Element (Wavelength) Detector Coordinates 
Cr (359.35 nm) 308, 53 
Mn (280.11 nm) 77,151 
Subarray Size: 2 1 x 3  

Table 3.25: Analytical lines for determination of Cr and Mn in varying levels of water 
hardness. 

Step Temperature ("C> Ramp Time fs) Hold Time (s) 
Dry 110 2 0 

Pyrolysis 1 700 10 30 
Pyroiysis 2 700 0 2 

Atomize 2400 0 6 
Clean 2400 0 2 

FAST AC Settings: Rate: 2.0 mL/min Delay(s): 15 Deposit(s): 5 

Table 3.26: Furnace program for determination of Cr and Mn in varying levels of water 
hardness. 



Blank (10 Trials) 

1 ppb Standard (7 Trials) 

2.5 ppb Standard (3 Trials) 

5 ppb Standard (3 Trials) 

10 ppb Standard (3 Trials) 

20 ppb Standard (3 Trials) 

Instrument Performance Check - 10 ppb Standard (3 Trials) 

CWW-TM-E (3 Trials) 

CWW-TM-E Soft Water (3 Trials) 

CWW-TM-E Moderate Water (3 Trials) 

CWW-TM-E Hard Water (3 Trials) 

Instrument Performance Check - 10 ppb Standard (3 Trials) 

Hard Water Blank (3 Trials) 

Figure 3,13: Analysis procedure for Cr, Mn in varying levels of water hardness. 
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Certified Measured 
Concentration Concentration 

Element/Solution (ne/mL) (n&/mL> Error RSD 
Cr 359.35 nm: 
-CWW 12.50 12.58 0.6 % 1.7 % 
- CWW (Soft) 12.50 13.26 6.1 % 1.2 % 
- CWW (Moderate) 12.50 13.39 7.1 % 0.8 % 
- CWW (Hard) 12.50 13.65 9.2 % 2.3 % 
-IPC 10.00 10.77 7.7 % 2.2 % 

Mn 280.11 nm: 
-CWW 12.50 12.93 3.4 % 3.8 % 

- CWW (Soft) 12.50 11.85 5.2 % 1.1 % 
- CWW (Moderate) 12.50 12.06 3.5 % 0.9 % 

- CWW (Hard) 12.50 13.27 6.2 % 0.7 % 
-IPC 10.00 9.26 7.4% 3.3 % 

Table 3.27: Results of the determination of Cr and Mn in certified reference materials. 
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was 0.999 and the Mn 280.11 calibration correlation coefficient was 0.998. For Cr, the 

measured concentration value for the unspiked wastewater sample was within 1% of the 

measured value. For the spiiced water samples, the measured concentrations were all 

within 10%. However, the measured value was high for each spiked sample. Figure 3.15 

shows a pair of absorbance vs. time plots for the unspiked wastewater sample and the 

spiked wastewater sample. Note that the spiked sample exhibits less tailing and shows a 

faster onset than the unspiked sample. In this case, the matrix appears to be improving 

the atomization characteristics of the Cr. Because the standards exhibit the same 

behavior as the unspiked wastewater sample, the improved atomization characteristics 

yield a slightly higher measured signal in the spiked samples. However, because the 

measured signals were still within 10% of the certified value, matrix effects, although 

present, were not very severe. 

All Mn samples were within 10% of their measured value. Furthermore, RSD 

values for all samples were below 4%, indicating good reproducibility as well. A slight 

difference in peak shape was observed in the Mn samples. However, the change was 

minor in comparison to the change in peak shape observed for Cr in the presence of the 

matrix. For this method, matrix effects did not appear to be an issue for the Mn analysis. 

3.4.4 Conclusions 

Excellent results were observed for the analysis of Cr and Mn in the drinking water 

and wastewater certified reference materials. Furthermore, because of the low volatility 

of the analytes in the pyrolysis step, matrix effects due to analyte vaporization were not a 

problem and matrix modifiers were not necessary. Furthermore, the matrix effects 
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Figure 3.15: Absorbance vs. Time curves for Cr in certified wastewater without Na, Ca, 
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observed for Cr atomization in this study were not severe enough to significantly degrade 

accuracy. In fact, the matrix effect may be useful in future studies. Because Cr and Mn 

require such a high atomization temperature, graphite furnace cuvettes degrade and fail 

much faster. Typically, a cuvette maintained its integrity for one complete study such as 

the robustness study outlined in Section 3.4.3. However, the cuvette usually failed during 

the course of another study. The matrix effects due to Na, Ca, and Mg reduced tailing 

significantly and appeared to aid in the atomization of Cr. Use of this matrix may allow 

lower Cr atomization temperatures to prolong cuvette lifetime while avoiding excessive 

tailing or incomplete analyte atomization. 

3.5 Additional Studies 

3.5.1 Pyrolysis Characteristics of Mn, Be, and Cd using Pd, Mg modifier 

The effects of the Pd, Mg modifier to allow higher pyrolysis temperatures for Mn, 

Be, and Cd were examined. Although Mn and Be are not extremely volatile, Cd has a 

considerably lower maximum pyrolysis temperature. Because Schlemmer and Welz 

suggested that the Pd, Mg modifier may be applicable to Group IB and IIB elements, the 

modifier's effect on Cd was investigated. Although reduced light throughput at lower 

wavelengths produced poor detection limits and prevented acquisition of accurate and 

precise analytical data, temperature studies of samples containing a relatively high 

concentration of analyte could still be performed. 
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Two solutions containing 10 ppb Mn, Be, and Ccl were prepared from ICP-AM-5. 

The first solution was unmodified; the second was spiked with 15 ppm Pd and 10 ppm 

Mg modifier. 

Analytical lines and base furnace program for the analysis are shown in Tables 3.28 

and 3.29, respectively. As in previous temperature studies, the temperature was varied in 

steps of 100 degrees from 200 - 1200 °C. Each standard was run three times at each 

temperature. 

The results of the study are presented in Figure 3.16. Although the volatility of 

each element is reduced slightly, the effects were not nearly as significant as in the results 

of the Ag, Pb, and T1 study. For Ag, a Group IB element, the Pd, Mg modifier increased 

the maximum pyrolysis temperature by appro.ximately 200 degrees. For Cd, a small 

increase in measured signal was noticed at 600 °C in the Pd, Mg modified sample. This 

increase in signal is not significant enough to suggest using a pyrolysis temperature 

higher than 400 - 500 °C. 

3.5.2 Determination of Cu and Co in Certified Wastewater 

The purpose of this study was to demonstrate the ability of CSME-GFAAS to 

simultaneously analyze an element on multiple wavelengths (Cu) and reiterate the 

quantitative effect of lower photon flux at shorter wavelengths (Co). Standards of 2, 5, 

10, and 20 ppb Cu and Co were prepared from ICP-AM-5 and 5% HNOj. Samples were 

analyzed as shown in Figure 3.17. 

The calibration data for the experiment is summarized in Figure 3.18. The results 

of ihc certified wastewater sample analysis are shown in Table 3.30. No stray light 
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Element (Wavelength) Detector Coordinates 
Mn (279.48 nm) 201,151 
Be (234.86 nm) 133, 270 
Cd (228.80 nm) 412,293 
Subarray Size: 18x3 

Table 3.28: Analytical lines for pyrolysis study of Mn, Be, and Cd. 

Dry 
Pyrolysis 1 
Pyrolysis 2 

Atomize 
Clean 

FASTAC Settings: 

Temperature ("O 
110 
200 
200 
1800 
2200 

Rate: 2.0 mLVmin 

Ramp Time (s) 
2 
10 
0 
0 
0 

Delay (s): 15 

Hold Time (s) 
0 
30 
2 
6 
2 

Deposit(s): 5 

Table 3.29: Furnace program for pyrolysis study of Mn, Be, and Cd. 



179 

200 300 400 500 600 700 800 900 1000 1100 1200 

Pyrolysis Temperature (°C) 

200 300 400 500 600 700 800 900 1000 1100 1200 

Pyrolysis Temperature (°C) 

Figure 3.16: Pyrolysis temperature studies for Mn, Be, and Cd with (bottom) and without 
(top) Pd, Mg modifier. 



Blank (10 Trials) 

2 ppb Standard (7 Trials) 

5 ppb Standard (3 Trials) 

10 ppb Standard (3 Trials) 

20 ppb Standard (3 Trials) 

CWW-TM-E (3 Trials) 

Instrument Performance Check — 10 ppb Standard (3 Trials) 

Figure 3.17: Analysis procedure forCu, Co in certified reference materials. 
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Figure 3.18: Calibration summary for the determination of Cu and Co in a certified 
wastewater sample. 
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Certified 
Concentration 

Element/Solution (ng/mL) 
Cu 327.40 nm: 
- CWW-TM-E 12.50 
- IPC 10.00 

Cu 324.75 nm: 
- CWW-TM-E 12.50 
- IPC 10.00 

Co 240.73 nm: 
-CWW-TM-E 12.50 
- IPC 10.00 

Measured 
Concentration 

f ng/mL) Error RSP 

12.32 1.4% 4.94% 
9.84 1.6% 6.31% 

12.82 2.6 % 3.04 % 
10.58 5.8 % 2.96 % 

12.54 0.3 % 12.6 % 
8.08 19.2 % 32.9 % 

Table 3.30: Results of the deteraiination of Cu and Co in a certified wastewater sample. 
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correction was employed in these experiments. For Cu, the correlation coefficients for 

both Cu lines are greater than 0.995. The expected method detection limit for Cu was 0.7 

ppb [4]; the method detection limits for the Cu 327.40 line and the Cu 324.75 line are 

1.46 ppb and 1.10 ppb respectively. According to the literature Cu 324.75 nm is 

expected to be the more sensitive of the two lines. The slopes of the two calibration lines 

are 1.36 A*s*mLyng for Cu 327.40 nm and 2.46 A*s*mL/ng for Cu 324.75 nm. The 

slopes indicate that Cu 324.75 is rougly two times as sensitive as Cu 327.40 for the 

CSME-GFAAS experiment. The wastewater analysis shows errors of less than 3% for 

both analytical lines with RSD values well below 10% for all samples. The instrument 

performance checks also exhibit errors and RSD's below 10% indicating that instrument 

drift was not an issue on either line for the Cu analysis. 

Cu was a difficult element to determine routinely. Cu appeared frequently as a 

contaminant, as is illustrated by the nonzero blank in this experiment. Early in the 

development of this instrument, bottled nitrogen and inline sterilizing gas filters were 

employed to reduce potential contamination from the gas supplies, and water Filtered 

using a Millipore Milli-Q system (Bedford. MA) along with trace metal purity reagents 

were employed to reduce contamination of the samples. These solutions were effective 

in removing detectable Pb contamination; however, Cu was only reduced. In many 

instances, Cu contamination was still high enough to prohibit routine analysis. 

Co analytical results were significantly different from those of Cu. The correlation 

coefficient for Co is only 0.992. This poor correlation coefficient does not appear to be 

due to a rollover deviation from linearity. Furthermore, the EPA reported method 
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detection limit for the 240.73 nm line is 0.7 ppb [4]; the measured method detection limit 

was 5.48 ppb. Although the measured certified wastewater sample error was less than 

1%, the RSD was 12.3%. The instrument performance check had almost 20% error and 

an RSD of 32.9%. One explanation of the poor analytical results for Co lies in the 

position of the analytical wavelength. At Cu 324.75 nm the measured signal intensity 

prior to injection is 11000; at Co 240.73 the measured signal intensity is only 3300. 

Figure 3.19 shows absorbance vs. concentration curves for 10 ppb Cu on 324.75 nm and 

10 ppb Co on 240.70 nm. Note that on the same scale, the Co measurement is much 

noisier due to the lower measured intensity at this wavelength- For this reason, all of the 

other analytes tested in this study had wavelengths closer to 300 nm where measured 

intensities were much higher. Increasing time between injections is not an effective 

solution as in emission spectroscopy. Because the GFAAS signal is a transient event, the 

detector must collect charge quickly to maintain a sample frequency necessary to 

effectively measure the transient nature of the absorbance signal. If the device takes too 

long to reach 75% full well capacity then many of the initial points must be discarded and 

more points must be averaged to reduce noise due to the low intensity. The result is a 

lower effective readout rate. Potential solutions to this problem will be discussed in 

Chapter 5. 

3.6 Summary 

The CSME-GFAAS system proved extremely useful in lowering sample analysis 

time and studying the effects of varying pyrolysis and atomization temperatures in 

GFAAS. The ability of the instrument to simultaneously observe multiple lines provided 
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two distinct advantages in these experiments. First, multielement determinations 

increased the speed of method development and determination of element compatibility 

by being able to quickly monitor the effects of both atomization and pyrolysis 

temperature for several elements simultaneously. 

Second, multiple lines can be monitored for the same element, improving dynamic 

range and allowing more flexibility in sample concentrations. Although wavelength 

limitations did not allow much study in this area, future instrument improvements that are 

outlined in Chapters should allow more simultaneous analyses of multiple wavelengths 

for a single element. Although complex mathematical treatments have been developed to 

extend dynamic range on a single line [20], simultaneous analysis of multiple 

wavelengths of varying sensitivity may be the simplest means of extending calibration 

range without complex mathematical treatments. 

The Pd, Mg mixed modifier proved to be a useful modifier for multielement 

analysis. In the Ag, Pb, and Tl study, the Pd, Mg modifier was capable of decreasing 

analyte volatility for all elements, allowing higher pyrolysis temp>eratures. The modifier 

was not without its limitations. In samples containing high levels of Ca and Na, the 

modifier was compromised with respect to Tl analysis. As stated earlier, with the speed 

allowed by multielement determinations, simple sample pretreatment methods could be 

employed to reduce the levels of Na, Ca. Solid phase extraction materials are available 

which can be used to quickly extract interfering ions such as Na and Ca. In a separate 

study, the Pd, Mg modifier was also ineffective in allowing a significant increase in Cd 
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pyrolysis temperature, suggesting that the Pd, Mg modifier may not be universally 

applicable to Group IB and IIB elements. 
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4 TRACE METALS JN RED WINE 

4.1 Overview 

This chapter siunmarizes the development of CSME-GFAAS methods capable of 

determining the amount of Ag, Pb, TI, Cr, and Mn present in red wines. Because wine is 

a very complex matrix, analysis of trace metals can be challenging. First, a typical wine 

sample can contain high levels of inorganic ions such as Ca and Na and their counter 

ions, which were responsible for some of the matrix effects described in the previous 

chapter. In addition, wine contains a variety of organic compounds such as tartaric acid, 

lactic acid, citric acid and tannins [21]. Furthermore, red wines tend to contain more of 

these compounds than white wines [22]. The presence of these compounds may 

influence both the pyrolysis and atomization characteristics of the analyte species. 

Of the five elements to be studied, Pb is the most notorious and a very common 

contaminant in red wines. In fact, modem research has suggested that lead poisoning of 

the Roman aristocracy may have contributed to the decline of the Roman Empire. In 

Roman times, the aristocracy was exposed to lead through a variety of mechanisms, 

including lead pipes and lead eating and drinking utensils. However, one of the largest 

sources of lead intake for Roman aristocrats was through wine consumption [23], 

In antiquity, Pb found its way into wines through the vinting process. In many 

instances, red wines were matured in leaden casks or pottery with leaded pigments that 

would contribute significant amounts of Pb to the wine. Roman wines have been 

estimated to contain between 200 — 1500 ng/L Pb. The World Health Organization 



188 

(WHO) Fecommends that daily lead intake be less than 430 ng/L. Considering the 

bibulousness of Roman aristocrats, their excessive intake of wine made them highly 

susceptible to lead poisoning or lead related illness [23]. 

Lead is still a concern in red wine today. Although the sources of lead 

contamination are different, lead is still a common contaminant in wine. A major source 

of lead in modem wines is automobile emissions. For example, vineyards located near 

roadways in France have been exposed to organolead compounds from automobile 

emissions for many years. As a result, French wines have showed significant amounts of 

organolead compounds when compared to areas such as Califomia in which leaded 

gasoline use has been banned for some time. Lobinski reported that at the time of 

publication (1995), leaded gasolines were still being used in France [22]. 

Furthermore, leaded eating and drinking utensils are still used today. Leaded 

crystal glassware and decanters are often used to serve wine and alcoholic beverages. 

According to a recent study, sherry stored in a new crystal decanter produced a lead 

concentration of 1410 M.g/L after 56 days of storage. As would be expected, aged 

decanters, in which much of the lead has been leached from the surface, showed 

considerably lower but still significant amounts of lead [24]. 

Excessive chromium concentrations can be hazardous as well. Chromium 

contamination can arise from a variety of sources. Chromium can be introduced into 

wine grapes from the soil. However, the most probable cause of chromium 

contamination is through the vinting process. Many wines are prepared in stainless steel 

containers. During the preparation, Cr may leach from the metal into the solution [21]. 
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Of the remaining elements. Ag can be indicative of treatment process, because 

silver chloride is used as a deodorizer [25]. Mn can also be indicative of both treatment 

process and geographic origin [26]. Finally, as stated in Chapter 3, excessive T1 can be a 

health hazard. 

A variety of methods have been studied for the determination of trace metals in 

wine. These methods include sono-electroanalysis [26], ion chromatography [27] and 

ICP-MS [28]. Also, numerous methods have been developed for the direct determination 

of trace metals in red wine using GFAAS [21, 25, 29-31]. 

The advantage of many of the GFAAS methods is the simplicity of sample 

preparation- In many cases, the sample of red wine is diluted with a dilute solution (2 — 

5%) of HNO3 and then analyzed directly with little if any further sample preparation. In 

some cases, standard additions methods are employed for analysis to overcome the 

matrix effects rising from differences in composition between wines [30]. In other cases, 

matrix modifiers are used to allow high thermal pretreatment temperatures [31]. 

4.2 Determination of Ag, Pb, and Tl in Red Wine 

The purpose of this section was to evaluate a method capable of the simultaneous 

determination of the Ag, Pb and Tl content of wine samples. The preferred method 

would avoid a standard additions method. Because standard additions methods require a 

separate calibration for each sample, they are extremely consuming of time, reagents, and 

sample whether elements are determined simultaneously or not. However, standard 

additions methods are an effective means of reducing matrix effects and providing quality 

control. 
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4.2.1 Reagents 

In addition to the reagents detailed in Chapters 2 and 3, several bottled red wines 

from a variety of wine producing regions were obtained from a local liquor retailer for 

analysis. Both 5% HNO3 and 2.1% HNO3 solutions were prepared from 70% trace metal 

grade nitric acid (Fisher Scientific, Pittsburgh, PA) and high purity (18 MQ) water. High 

purity water was prepared using a Millipore Milli-Q Plus (Bedford, MA) water 

purification system. 

4.2.2 Pyrolysis Characteristics of Ag, Pb, and T1 in Red Table Wine 

Because the red wine matrix is considerably different from water, the first step in 

the method development was an analysis of the thermal characteristics of Ag, Pb, and T1 

in the red wine matrix. As already stated, the red wine matrix consists of a variety of 

organic compounds. Any and all may influence the thermal characteristics of the Ag. Pb, 

and Tl. 

To determine the effects of the red wine matrix on pyrolysis characteristics, a 25.0 

mL sample of Australian red table wine was spiked with 0.5 mL of ICV-GFAA and 

diluted to 100 mL with 5% HNO3. This action resulted in an added concentration of 2.0 

ppb Ag and lO.O ppb Pb, Tl. Using the analytical lines and base furnace program 

described in Tables 4.1 and 4.2, the sample was analyzed over pyrolysis temperatures 

ranging from 200 — 900 °C. 

The resulting relative signal output is shown in Figure 4.1. Note that the 

responses are significantly different from those obtained in high purity water. Pb showed 

a substantial decrease in thermal stability showing significant analyte loss at temperatures 
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Element (Wavelength) Detector Coordinates 
Ag (328.07 nm) 233,71 
Pb (283.31 nm) 367,143 
T1 (276.79 nm) 275, 156 
Subarray Size: 1 8 x 3  

Table 4.1: Analytical lines for the pyrolysis temperature study of Ag, Pb, and TI in an 
Australian red wine. 

Step Temperature (°C) Ramo Time Cs> Hold Time fs) 
Dry 110 2 0 

Pyrolysis I 200 10 30 
Pyrolysis 2 200 0 2 

Atomize 1600 1 5 
Clean 2200 0 2 

FASTAC Settings: Rate: 2.0 mL/min Delay (s): 15 Deposit(s): 5 

Table 4.2: Base furnace program for pyrolysis temperature study of Ag, Pb, and Tl in an 
Australian red wine. 
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as low as 300 °C. Ag showed a slight loss in maximum pyrolysis temperature, while the 

maximum pyrolysis temperature actually increased slightly for Tl. 

4.2.3 Pyrolysis Characteristics of Ag, Pb, and Tl in Red Table Wine with Pd, Mg 

Modifier 

In an attempt to counteract the effects of the red wine matrix on the pyrolysis 

stability of Ag, Pb and Tl, the Pd, Mg modifier described in Chapter 3 was employed. 

The same sample of Australian red wine was prepared as above except a l.O mL spike of 

the Pd, Mg modifier was added prior to dilution. Using the same base furnace program 

as before, pyrolysis temperatures were varied between 200 - 900 °C. 

The resulting relative responses are also shown in Figure 4.1. Although the 

effects of Pd, Mg on the red wine matrix were not as dramatic as those of the modifier on 

the high purity water, the Pd, Mg modifier stabilized the temperatures of all three 

elements to 600 °C. 

4.2.4 Effect of Pd, Mg Modifier on Pyrolysis of Ag, Pb, and Tl in Differing Red Wines 

Each of the red wines analyzed in this study came from a different region, a 

different vineyard, and probably underwent a different vinting process. As a result, each 

red wine is likely to have different matrix constituents. A recent study also reported that 

differences in properties between wines produced varying slopes in a standard additions 

analysis [30]. These differences in matrix may effect the pyrolysis characteristics of 

individual wines as well. Thus, in order to develop a more standardized method, the 

pyrolysis characteristics of two additional red wines were analyzed as above. 25.0 mL 
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aliquots of a French and a Chilean red wine were each diluted to 25.0 mL with 5% 

HNO3. In a similar manner, 25.0 mL aliquots of both wines were each spiked with l.O 

mL of the Pd, Mg modifier solution prior to dilution. All four solutions were then 

analyzed using the base program presented in Tables 4.3 and 4.4, varying the pyrolysis 

temperature from 200 - 800 °C in steps of 100 °C. Again, each sample was analyzed 

three times at each temperature. 

The results of this analysis are shown in Figures 4.2 and 4.3. Note that for each 

red wine, the thermal characteristics were similar following modification. Therefore, the 

differences in wine matrices did not have a significant effect on the pyrolysis 

characteristics when using the Pd, Mg modifier. However, as will be demonstrated later, 

the matrix can still have an effect on analyte recovery. Based on these results, the Pd. Mg 

modifier was to be used in subsequent analyses involving Ag, Pb, and Tl. 

4.2.5 Effects of Pd, Mg Modifier on the Atomization Characteristics of Ag, Pb, and Tl 

in Red Table Wine 

In a complementary analysis, the atomization characteristics of Ag, Pb, and Tl in 

red table wine were determined for the Chilean red wine sample. A 25.0 mL aliquot of 

the Chilean red wine sample was spiked with 0.5 mL of ICV-GFAA. Prior to dilution a 

1.0 mL spike of the Pd, Mg modifier was added to generate an added concentration of Pd, 

Mg in the solution of 15 ppm and 10 ppm respectively. This solution was then analyzed 

using the analytical lines and base program shown in Tables 4.5 and 4.6, respectively. 

Atomization temperature was varied in steps of 100 °C between 700 and 2000 °C. 
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Element (Wavelength) Detector Coordinates 
Ag (328.07 nm) 223,71 
Pb (283.31 nm) 367,144 
T1 (276.79 nm) 275,157 
Subarray Size: 18x3 

Table 4.3: Analytical lines for the pyrolysis temperature study of Ag, Pb, and Tl in a 
French and Chilean red wine. 

Step Temperature ("O Ramp Time (s) Hold Time (s) 
Dry 110 2 0 

Pyrolysis 1 200 10 30 
Pyrolysis 2 200 0 2 

Atomize 1600 1 5 
Clean 2200 0 2 

FASTAC Settings: Rate: 2.0 niL/min Delay(s): 15 Deposit(s); 5 

Table 4.4: Base furnace program for pyrolysis temperature study of Ag, Pb, and Tl in a 
French and Chilean red wine. 
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Element (Wavelength) Detector Coordinates 
Ag (328.07 nm) 277, 83 
Pb (283.31 nm) 367,145 
T1 (276.79 nm) 275,157 
Subarray Size: 18x3 

Table 4.5: Analytical lines for the atomization temperature study of Ag, Pb, and T1 in 
Chilean red wine. 

Step Temperature (^C) Ramp Time (s) Hold Time (s) 
Dry 110 2 0 

Pyrolysis 1 500 10 30 
Pyrolysis 2 500 0 2 

Atomize 1600 1 5 
Clean 2200 0 2 

FA ST AC Settings: Rate: 2.0 mlVmin Delay(s): 15 Deposit(s): 5 

Table 4.6: Base furnace program for the atomization temperature study of Ag, Pb, and T1 
in Chilean red wine. 
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The results of this analysis are shown along with the results from the earlier 

Chilean pyrolysis temperature study in Figure 4.4. In the study of the Pd, Mg modifier 

effects on Ag, Pb, and T1 in high purity water, analyte loss at high pyrolysis temperatures 

appeared to be due to analyte atomization. In the red wine analysis analyte loss occurs in 

the pyrolysis step at temperatures higher than 600 °C. However, this drop in maximum 

pyrolysis temperature did not occur with a similar drop in atomization temperature. 

Although T1 began atomizing at 800 "C, Pb and Ag did not begin atomizing until 900 

°C. Thus, there appears to be a narrow range of temperatures in which some other 

chemical reaction such as volatile compound formation may be responsible for analyte 

loss. 

4.2.6 Preliminary Analysis of Ag, Pb, T1 in Red Table Wine 

To gather some information regarding the potential effectiveness of a direct 

method, a trial analysis was performed on a single sample of red wine. For this analysis 

standards were prepared from ICV-GFAA and the Pd, Mg modifier solution as shown in 

Table 4.7. Two samples were prepared from a single Australian red table wine. In the 

first sample, a 25 mL aliquot of the red wine was diluted to 100 mL with 5% HNO3. 

Prior to dilution a 1.0 mL spike of the Pd, Mg modifier was added. In the second sample, 

a 25 mL aliquot of the red wine was also diluted with 5% HNO3. However, a 0.5 mL 

spike of ICV-GFAA was added in addition to the 1.0 mL spike of Pd, Mg modifier. 

The analytical lines and furnace program used for analysis are shown in Tables 

4.8 and 4.9. Each sample and standard was analyzed three times. Calibration data are 

shown in Figure 4.5. Detection limits were estimated by dividing three limes the 
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Sample 
Name 
Blank 

Amount 
of 

Standard 
(mL) 

0 

Amount 
of 

Modifier 
(mL) 
1.000 

Standard 
Concentration 

0 ng/nxL Ag, As, Cd, Cr, 
Pb, Se, T1 

Modifier 
Concentration 

15 ug/mL Pd 
10 Ug/mL Mg 

Std#l 0.100 1.000 0.4 ng/mL Ag, Cd, Cr 
2.0 ng/mL As, Pb, Se, T1 

15 Ug/mL Pd 
10 Ug/mL Mg 

Std #2 0.250 1.000 1.0 ng/mL Ag, Cd, Cr 
5.0 ng/mL As, Pb, Se. T1 

15 Ug/mL Pd 
10 Ug/mL Mg 

Std#3 0.500 1.000 2.0 ng/mL Ag, Cd, Cr 
10.0 ng/mL As, Pb, Se, T1 

15 Ug/mL Pd 
10 Ug/mL Mg 

Std #4 1.000 1.000 4.0 ng/mL Ag, Cd, Cr 
20.0 ng/mL As, Pb, Se, T1 

15 Ug/mL Pd 
10 Ug/mL Mg 

Table 4.7: Sample preparation for the determination of Ag, Pb, and T1 in red wine. Final 
volume for all solutions was 100 mL. 
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Element (Wavelength) Detector Coordinates 
Ag (338.29 nm) 223,71 
Pb (283.3 Inm) 367,143 
T1 (276.79 nm) 275, 156 
Subarray Size: 18x3 

Table 4.8: Analytical lines for the preliminary determination of Ag, Pb, and T1 in red 
wine. 

Step Temperature ("O Ramp Time fs) Hold Time (s) 
Dry no 2 0 

Pyrolysis 1 550 10 30 
Pyrolysis 2 550 0 2 

Atomize 1400 1 5 
Clean 2200 0 2 

FASTAC Settings: Rate: 2.0 mL/min Delay(s): 15 Deposit(s): 5 

Table 4.9: Base furnace program for the preliminary determination of Ag, Pb, and T1 in 
red wine. 
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standard deviation of the blank by the calibration slope. The wine sample did not contain 

any Ag, Pb, or T1 in excess of the detection limits. However, spike recoveries for Ag, Pb, 

and T1 were 101.9%, 100.7%, and 118.3% respectively. All spike recoveries were within 

80 - 120% of the actual spike amount and % RSD was less than 3.0% for all spiked 

samples, indicating that this method should be a viable means of quickly determining the 

amount of Ag, Pb and Tl in a sample of red wine. 

To further test the method, the experiment was repeated. However, three red 

wines were analyzed. The same sample of Australian red wine, along with a sample of a 

French and a Chilean red wine were prepared in the same manner as the single sample in 

the previous experiment. Standards were prepared according to Table 4.7. The same 

analytical lines and fumace conditions were used in this experiment (Tables 4.8 and 4.9). 

Again, each standard and sample was analyzed three times. In addition, following the 

analysis of all samples, the second standard was repeated to confirm that the instrument 

was not drifting. 

Calibration data are shown in Figure 4.6. The results are tabulated in Table 4.10. 

''High" and "Low" in Table 4.10 denote the direction of the error. Note that the Chilean 

and French wine samples both contain Pb. Taking into account the dilution, the Chilean 

wine contains 18.0 ppb Pb and the French wine contains 43.1 ppb Pb. As will be 

discussed in the next section, these values for Pb in wine are comparable to those found 

in the literature. Also note that in these samples, Tl shows consistent signal 

enhancement, and Pb shows consistent signal suppression. These observations will be 

addressed in the next section. 
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Figure 4.6: Calibration summary for the preliminary determination of Ag, Pb, and Tl 
three red wines. 
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Instrument Validation Data: 

Sample Ag % Error Pb % Error Tl % Error 
- IPC 7.8 (Low) 4.09 (High) 6.50 (High) 

Red Wine Analysis Data (After 1:4 Dilution): 

Sample Ag (ppb)/% Rec Pb (ppb)/% Rec Tl (ppb)/% Rec 
French <0.71 / 116.5 10.77/85.61 <2.30/ 128.0 
Chilean <0.71/110.1 4.51/85.13 <2.30/ 133.1 
Australian <0.71/99.6 < 1.60/81.78 <2.30/ 109.9 

Table 4.10: Results of the preliminary determination of Ag, Pb, and Tl in three red 
wines. RSD was below 10% for all samples that contained analyte levels greater than the 
method detection limit. 
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4.2.7 Direct Determination of Ag, Pb, and T1 in Red Table Wine 

To perform a more formal validation of the method, an analysis was conducted 

using the aforementioned EPA method as a guideline. Standards were prepared from 

ICV-GFAA, the Pd, Mg modifier solution, and 2.1% HNO3. Standard preparation is 

summarized in Table 4.7. 

Three wines were studied in this analysis: a California wine, a French wine, and a 

Chilean wine. All three wines were of the same grape variety (cabernet sauvignon). A 

20.0 mL aliquot of each wine was diluted to 100 mL with 2.1% HNO3. Prior to dilution a 

1.0 mL spike of the Pd, Mg matrix modifier solution was added, generating added 

concentrations of Pd and Mg of 15 ppm and 10 ppm, respectively. To analyze potential 

matrix effects, a solution similar to a LE^ was generated for each sample. A 20.0 mL 

aliquot of each wine was diluted to 100 mL with 2.1% HNO3. Prior to dilution a 1.0 mL 

spike of matrix modifier solution was added generating added concentrations of Pd and 

Mg of 15 ppm and 10 ppm, respectively. In addition, a 0.5 mL spike of the commercial 

graphite furnace standard solution was added, generating added concentrations of 2 ppb 

Ag, Cd, Cr and 10 ppb As, Pb, Se, Tl. A percent recovery for each analyte can then be 

calculated to assess the effects of the red wine matrix on each analyte. In addition to the 

wine samples, a sample of the certified wastewater solution (CWW-TM-E) used in the 

previous chapter was prepared to validate the calibration. This solution was prepared as 

described earlier in Section 3.3.6. However, the 0.5 mL aliquot of reference material was 

diluted with 2.1% HNO3 solution instead of 5% HNO3. Prior to dilution a 1.0 mL spike 

of the Pd, Mg modifier was added. 
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Note that a lower acid concentration was used in this study. In the preliminary 

studies, standard solutions, when prepared with 5% HNO3, were stable for over a week. 

However, some brands of red wine degraded in 5% HNO3 after several days. Degraded 

wine samples had a significant amount of precipitate in the bottom that could 

significantly affect the analysis. Reducing the acid concentrations in the wine samples to 

2.1% eliminated this problem and allowed the wine samples to be used for several days 

after preparation. 

The samples were analyzed using the analytical lines and furnace conditions shown 

in Tables 4.11 and 4.12. Samples were analyzed in the order presented in Figure 4.7. 

Calibration data are presented in Figure 4.8. Results are tabulated in Table 4.13. "High" 

and "Low" in Table 4.13 denote the direction of the error. 

None of the samples contained Ag in excess of the detection limit of 0.16 ppb. 

However, spike recoveries ranged from 92 - 99%, indicating that matrix effccts for silver 

were not severe. This fact is also illustrated in Figure 4.9. Although the onset of the Ag 

atomic absorbance peak is slightly earlier in the wine sample, there is little change in 

peak height or peak area. As with the water analysis, Ag was a very useful element to 

include in the analytical procedure. Using Ag to determine that the samples were 

prepared properly aided in identifying matrix effects and again illustrates another useful 

aspect of simultaneous multielement determinations. 

The French and the Chilean wines both contained Pb at concentrations of 29.8 ppb 

and 22.7 ppb, respectively, whereas the California wine showed a small Pb signal but the 

measured concentration was below the detection limits. Recoveries were in the 80 - 90% 
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Element (Wavelength) Detector Coordinates 
Ag (328.07 nm) 277, 83 
Pb (283.31 nm) 367,145 
T1 (276.79 nm) 275, 157 
Subarray Size: 18x3 

Table 4.11: Analytical lines for the direct determination of Ag, Pb, and T1 in red wine. 

Step Temperature ("O Ramp Time (s) Hold Time (s) 
Dry 110 2 0 

Pyrolysis 1 500 10 30 
Pyrolysis 2 500 0 2 

Atomize 1600 1 5 
Clean 2200 0 2 

FASTAC Settings: Rate: 2.0 mL/min Delay(s): 15 Deposit(s): 5 

Table 4.12: Base furnace program for the direct determination of Ag, Pb, and TI in red 
wine. 
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Blank (10 Trials) 

Standard #1 (7 Trials) 

Standard #2 (3 Trials) 

Standard #3 (3 Trials) 

Standard #4 (3 Trials) 

CWW-TM-E (3 Trials) 

French 1:5 Dilution (3 Trials) 

French 1:5 Dilution + Spike (3 Trials) 

Instrument Performance Check - Standard #3 (3 Trials) 

Chile 1:5 Dilution (3 Trials) 

Chile 1:5 Dilution + Spike (3 Trials) 

California 1:5 Dilution (3 Trials) 

California 1:5 Dilution + Spike (3 Trials) 

Instrument Performance Check - Standard #3 (3 Trials) 

Figure 4.7: Analysis procedure for the direct determination of Ag, Pb, T1 in red wine. 
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Figure 4.8: Calibration summary for the direct determination of Ag, Pb, and Tl in red 
wine. 
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Instrument Validation Data: 

Sample 
IPC#1 
IPC #2 
CWW-TM-E 

Ag % Error 
7.3 (High) 
0.1 (Low) 
4.8 (High) 

Pb % Error 
5.3 (Low) 
3.6 (Low) 
5.2 (High) 

Tl % Error 
11.4 (High) 
4.7 (High) 
5.8 (Low) 

Red Wine Analysis Data (After 1:5 Dilution): 

Sample Ag (ppb)/% Rec Pb (ppb)/% Rec Tl (PDb)/% Rec 
French <0.16/92.5 5.95/85.0 <0.73/115.8 
Chilean <0.16/97.3 4.54/88.0 <0.73/ 123.0 
Califomian <0.16/98.9 <1.71/80.5 <0.73/118.5 

Table 4.13: Results of the determination of Ag, Pb, and Tl in red wine. RSD was below 
10% for ail samples that contained analyte levels greater than the method detection limit. 
*Since the EDL for this analysis was higher than the MDL the EDL was used as the 
detection limit. 
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Figure 4.9; Atomic absorption plot of Ag in 2 ppb standard (Top) and in wine spiked 
with 2 ppb Ag (Bottom). 
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range for all three samples. Figure 4.10 shows an absorbance vs. concentration plot for 

Standard #3 (10 ppb Pb) and the California wine sample spiked with 10 ppb Pb. Note the 

differences in atomization characteristics of the two samples. The atomization in the 

standard begins at approximately 2.0 seconds and lasts until about 4.0 seconds. In the 

wine sample, atomization appears to begin at 1.5 seconds and only lasts until 2.5 seconds. 

Although the effects are not as dramatic as the matrix effects seen for Cr atomization in 

the previous chapter, the presence of the matrix appeared to aid in the atomization of Pb. 

Several factors may contribute to the observed behavior. Several of the organic 

constituents in the wine may be acting as reducing agents. The atomization process in 

graphite furnace is suggested to occur as follows [3]; 

metal salt (s) -> metal oxide (s) -> metal (s) -> metal (g) 

Considering that the process involves a reduction step from metal oxide to metal 

and if the reduction process is the rate limiting step, the presence of reducing agents such 

as tannic acid or its degradation products may improve the kinetics of atomization. In 

addition, the presence of oxygen in the organic compounds may also aid in the formation 

of metal oxide species as these organic components degrade at higher temperatures. 

However, techniques other than GFAAS will be required to investigate the chemical 

causes of these matrix effects. 

The samples did not contain any T1 in excess of the detection limit. Recoveries for 

T1 were high, indicating that one or more of the matrix constituents is providing signal 

enhancement. Figure 4.11 includes a set of absorbance vs. time plots for Tl. In a fashion 

similar to Pb, Tl also shows a faster atomization time and enhancement of peak height. 
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Figure 4.10: Atomic absorption plot of Pb in 10 ppb standard (Top) and in wine spiked 
with 10 ppb Pb (Bottom). 
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Figure 4.11: Atomic absorption plot of T1 in 10 ppb standard (Top) and in wine spiked 
with 10 ppb T1 (Bottom). 
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In terms of Pb content in wines, the values obtained in each of these experiments 

are in agreement with those found in the literature. Matthews and Parsons reported lead 

levels in wine ranging from 12.6 ppb to 51.7 ppb. Furthermore, the lowest lead level 

determined was in a sample of California wine [31 ]. Lobinski also reported that 

California wines had lower lead levels than French wines. Again, this difference was 

attributed to California's discontinuing the use of fuels containing organolead 

compounds. Furthermore, he also stressed that organolead compunds were "ubiquitous" 

in French wines whereas these compounds were almost none.xistant in California wine 

samples [22]. 

4.3 Direct Determination of Cr and Mn in Red Table Wine 

4.3.1 Thermal Characteristics of Cr and Mn in Unmodified Red Wine 

Because matrix effects were observed for Ag, Pb, and Tl, a temperature study of 

Cr and Mn in the red wine sample was performed. Unlike the Ag, Pb, and Tl analysis 

where the sample had to be fortified with the elements of interest to perform the 

temperature study, the red wine samples contained substantial amounts of Cr and Mn, 

making fortification unnecessary. Therefore, the temperature study was performed on a 

sample of a French red wine which was diluted 1:5 with 2.1% HNO3 prior to analysis. 

The analytical lines and base furnace conditions are shown in Tables 4.14 and 4.15, 

respectively. For the pyrolysis temperature study, the pyrolysis temperature was varied 

from 200 - 1300 °C. From 200 - 800 °C, the temperature was varied in steps of 200 °C. 

From 800 - 1300 "C the temperature was varied in steps of 100 °C. For the atomization 
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Element (Wavelength) Detector Coordinates 
Cr (359.35 nm) 308,53 
Mn (280.11 nm) 77,151 
Subarray Size: 21x3 

Table 4.14: Analytical lines for the temperature studies of Cr and Mn in red wine. 

Step 
Dry 

Pyrolysis 1 
Pyrolysis 2 

Atomize 
Clean 

FASTAC Settings: 

Temperature (^C) 
110 
200 
200 
2400 
2400 

Rate: 2.0 mL/min 

Ramp Time (s> 
2 
10 
0 
0 
0 

Delay(s): 15 

Hold Time (s) 
0 
30 
2 
6 
2 

Deposit(s); 5 

Table 4.15: Base furnace program for the temperature studies of Cr and Mn in red wine. 
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temperature study, the pyrolysis temperature was held constant at 900 °C and the 

atomization temperature was varied from 1000 - 2400 °C. From 1000 - 1600 °C, the 

temperature was varied in steps of 100 °C. From 1600 - 2400 °C, the temperature was 

varied in steps of 200 

The results of both studies are shown in Figure 4.12. The results of the 

temperature study for Cr and Mn in red wine are similar to those of Cr and Mn in high 

purity water (Figure 3.10). In terms of pyrolysis, Cr sensitivity remains relatively 

constant from 200 - 1000 °C in both water and wine. Mn shows a slight increase in 

sensitivity from 200 - 900 °C. At temperatures higher than 900 °C, sensitivity drops off 

rapidly with increases in temperature in both water and wine. For the atomization study, 

Cr showed an increase in sensitivity from 1000 - 2200 °C. Note that in comparison to 

the temperature study in high purity water, Cr sensitivity in red wine improves slightly at 

lower temperatures. For Mn, the atomization characteristics in the red wine matrix were 

very similar to those of high purity water. Mn sensitivity continues to improve over the 

course of the experiment, the maximum sensitivity being at the highest temperature 

studied. 

4.3.2 Preliminary Determination of Cr and Mn in Red Wine 

A trial analysis was performed on a single sample of red wine. Standards of 1, 

2.5, 5, 10, and 20 ppb Cr and Mn were prepared from ICP-AM-5. The same certified 

wastewater solution (CVVW-TM-E, High Purity Standards, Charleston, SC) was diluted 

in a similar fashion as done in Chapter 3: 0.5 mL of the sample was diluted in 100 mL 

2.1% HNO3 to generate a solution in which concentration values were half those listed in 
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Figure 4.12: Temperature studies for Cr and Mn in red wine. The top plot is the 
pyrolysis temperature study, the bottom plot is the atomization temperature study. 
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Table 3.11. This solution was used to check the calibration. A single sample of French 

wine was diluted 1:10 with 2.1% HNO3- In addition to this sample, a spiked sample was 

prepared to examine any matrix effects. This sample was prepared in the same manner; 

however, a spike of the ICP-AM-5 solution was added prior to dilution to generate an 

added concentration of 5 ppb Cr and Mn. 

The analytical lines and furnace program for this analysis can be found in Tables 

4.16 and 4.17. The samples were analyzed according to Figure 4.13. Calibration data are 

presented in Figure 4.14. 

The error in concentration for the certified wastewater was less than 4% for both 

elements, and the error for the instrument performance check was less than 4% for both 

elements. The French wine sample, after correcting for dilution contained 12.8 ppb Cr 

with an RSD of 7.6%. The spike recovery was 107.4% indicating that matrix effects 

were not a serious issue for Cr analysis. For Mn, however, the measured concentration 

was in excess of 200 ppb. The measured signal was much greater than the highest 

standard. This sample would require a much greater dilution for Mn delermination. 

4.3.3 Direct Determination of Cr and Mn in a French Red Wine 

Two additional samples of French wine were studied. Standards of I, 2.5, 5, 10, 

and 20 ppb Cr and Mn were prepared from ICP-AM-5. The certified wastewater solution 

was prepared as above. This solution was again used to check the calibration. The two 

samples of French red table wine were diluted 1:5 with 2.1% HNO3 for analysis. To 

determine matrix effects, two more solutions of the same two French wines were 

prepared; however, a spike of ICP-AM-5 was added prior to dilution to generate an added 
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Element (Wavelength) Detector Coordinates 
Cr (359.35 nm) 308, 53 
Mn (280.11 nm) 77,151 
Subarray Size: 21x3 

Table 4.16: Analytical lines for the preliminary analysis of Cr and Mn in red wine. 

Step Temperature ("C> Ramp Time (s) Hold Time (s) 
Dry 110 2 0 

Pyrolysis 1 600 10 30 
Pyrolysis 2 600 0 2 

Atomize 2400 0 6 
Clean 2400 0 2 

FASTAC Settings: Rate: 2.0 mL/min Delay(s): 15 Deposit(s): 5 

Table 4.17: Furnace program for the preliminary analysis of Cr and Mn in red wine. 
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Blank (10 Trials) 

1.0 ppb Standard (7 Trials) 

2.5 ppb Standard (3 Trials) 

5.0 ppb Standard (3 Trials) 

10.0 ppb Standard (3 Trials) 

20.0 ppb Standard (3 Trials) 

CWW-TM-E (3 Trials) 

French 1:10 Dilution (3 Trials) 

French 1:10 Dilution + Spike (3 Trials) 

Instrument Performance Check — 10.0 ppb Standard (3 Trials) 

Figure 4.13: Analysis procedure for the preliminary determination of Cr and Mn in red 
wine. 
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Figure 4.14: Cahbration summary for the preliminary determination of Cr and Mn in red 
wine. 
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concentration of 5 ppb Cr. Mn. The analytical lines and base furnace conditions are 

shown in Tables 4.18 and 4.19. Standards were analyzed according to Figure 4.15. The 

calibration data are presented in Figure 4.16. 

The certified wastewater solution demonstrated errors of 0.2% and 5.0% for Cr 

and Mn, respectively. Instrument performance checks for each element were less than 

10%, except for the second Mn instrument performance check which was 15.1%, 

indicating some instrument drift by the end of the experiment. The results of the analysis 

showed a concentration of 17.0 ppb Cr and > ICQ ppb Mn for French Wine #l and 19.1 

ppb Cr and > 100 ppb Mn for French Wine #2. For Cr, the spike recoveries were 94.2% 

and 103.0%, indicating that matrix effects did not have a severe effect on quantitation. 

Figure 4.17 is an absorbance vs. concentration plot for the 10 ppb standard and the wine 

plus the 5 ppb spike. Although there is a slight change in peak shape, the change does 

not appear to be very significant. 

Another study found in the literature involving the single element determination 

of Cr in red wines reported Cr values varying from 7.0 to 90.0 ppb [21]. Thus, the Cr 

values obtained in this study were comparable to those found in the literature. 

As in the prior study, the measured signal for Mn in the red wine samples was 

higher than the 20.0 ppb standard. The sample of French Wine #1 was diluted 1:100 with 

2.1% HNO3 and an identical sample with a 5 ppb spike was prepared. After correcting 

for dilution, the measured concentration was 763 ppb with a spike recovery of 95.8%. 

Even though the second instrument performance check showed some instrument drift, the 

data still demonstrate that GFAAS is an inappropriate technique for the Mn analysis. 
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Element (Wavelength) Detector Coordinates 
Cr (359.35 nm) 308,53 
Mn (280.11 nm) 78,151 
Subarray Size: 2 1 x 3  

Table 4.18: Analytical lines for the analysis of Cr and Mn in red wine. 

Step 
Dry 

Pyro lysis 1 
Pyrolysis 2 

Atomize 
Clean 

FASTAC Settings: 

Temperature 
110 
800 
800 
2400 
2400 

Rate: 2.0 mlVmin 

Ramp Time (s) 
2 
10 
0 
0 
0 

Delay (s): 15 

Hold Time (s) 
0 
30 
2 
6 
2 

Deposit(s): 5 

Table 4.19: Furnace program for the analysis of Cr and Mn in red wine. 



Blank (10 Trials) 

1.0 ppb Standard (7 Trials) 

2.5 ppb Standard (3 Trials) 

5.0 ppb Standard (3 Trials) 

10.0 ppb Standard (3 Trials) 

20.0 ppb Standard (3 Trials) 

CWW-TM-E (3 Trials) 

Instrument Performance Check — 10.0 ppb Standard (3 Trials) 

French #1 1:5 Dilution (3 Trials) 

French #11:5 Dilution + Spike (3 Trials) 

French #2 1:5 DUution (3 Trials) 

French #2 1:5 Dilution + Spike (3 Trials) 

Instrument Performance Check — 10.0 ppb Standard (3 Trials) 

French #11:100 Dilution (3 Trials) 

French #11:100 Dilution (3 Trials) 

Figure 4.15: Analysis procedure for the determination of Cr and Mn in red wine. 
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Figure 4.16: Calibration summary for the determination of Cr and Mn in red wine. 
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Figure 4.17: Atomic absorption plot of Cr in 5 ppb standard (Top) and in wine (Bottom) 
the measured concentration was 3.4 ppb Cr. 
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Considering the high concentration of Mn in each of the wine samples and that sample 

consumption is not an issue, ICP-AES is a better candidate for Mn analysis in this 

sample. 

4.4 Summary 

The CSME-GFAAS system proved very useful in quickly screening wine samples 

for trace metals. The Pd, Mg modifier proved very useful in allowing higher pyrolysis 

temperatures for Ag, Pb, and Tl. However, the modified wine solution demonstrated 

lower maximum pyrolysis temperatures than high purity water. Although matrix effects 

were observed for Pb and Tl, the effects were not severe enough to prevent quantitation. 

Although none of the samples analyzed contained Ag orTl, the concentrations 

determined for Pb were comparable to others found in the literature. 

No severe matrix effects for Cr and Mn were observed. Cr results also compared 

well with other Cr determinations found in the literature. However, the Cr and Mn 

analyses demonstrated a limitation in simultaneous multielement determinations using 

this instrument. In this case, where elemental concentrations were vastly different, 

simultaneous quantitation of a given sample was impossible without additional dilutions. 

CSME-GFAAS is not meant to be a replacement for ICP-AES. The two techniques 

are complementary. Therefore, rather than dilute samples 1:100 or more to produce 

concentrations in a range appropriate for furnace analysis, a more appropriate, less 

sensitive technique should be applied. 
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5 CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 Conclusions 

In conclusion, the CSME-GFAAS system proved to be very useful for elemental 

analysis. The ability to monitor multiple wavelengths, and subsequently multiple 

elements, simultaneously, significantly reduced analysis time. In addition, simultaneous 

multielement determinations provided a useful diagnostic tool as well. An element such 

as Ag, which was very robust to matrix effects, was useful in identifying matrix effects 

on other elements and quickly detecting sample preparation errors. The CSME-GFAAS 

system also provided true simultaneous background correction. 

In these experiments, a Pd, Mg matrix modifier was used to overcome some of the 

differences in furnace conditions between elements. The modifier proved to be useful for 

the analysis of Ag, Pb, and T1 in both drinking water and red wine. The modifier was not 

universally applicable, however. In drinking water solutions of high mineral content, the 

Pd, Mg modifier was unable to increase the maximum pyrolysis temperature of TI. In 

addition, a temperature study also showed that the Pd, Mg modifier solution did not 

significantly increase the maximum pyrolysis temperature of Cd, another element that is 

very temperature sensitive. 

Using the CSME-GFAAS system, reasonable results were obtained for Ag. Pb. Tl, 

Cr, and Mn in drinking water and red wine. The five elements were divided into two 

groups. The first analyzed Ag, Pb, and Tl using a mixed Pd, Mg modifier. The second 



232 

analyzed Cr and Mn without a modifier. The analysis repeatedly produced detection 

limits approaching those of conventional GFAAS for the elements studied. 

For drinking water analysis, certified drinking water samples and simulated 

drinking water samples were prepared. The CSME-GFAAS system and analytical 

methods were capable of routinely analyzing samples containing low ppb concentrations 

of Ag, Pb, Tl, Cr, and Mn with errors less than 10%. 

The red wines analyzed did not contain detectable levels of Ag and Tl. However, 

concentrations of Pb as high as 30 ppb were detected in some of the samples. In addition, 

Cr levels of approximately 20 ppb were found in some of the samples. Mn analysis 

detected levels of Mn approaching 1 ppm. However, the wine samples required an 

additional dilution for determination of Mn. The Cr, and Mn study in red wine samples 

identified a limitation in multielement GFAAS analyses. In situations where elemental 

concentrations are several orders of magnitude different, simultaneous analysis may be 

difficult without additional sample preparation. Furthermore, CSME-GFAAS is not a 

replacement for ICP-AES, but a complementary technique. In situations where elemental 

concentrations are high such as Mn in red wine, another analytical technique such as ICP-

AES or additional dilutions should be considered. 

Through the application of this new instrumental method to real world sample 

analysis, several avenues of improvement or further study have been identified. The 

purpose of the remainder of this chapter is to further discuss the improvements already 

suggested, and outline other innovations and avenues of further study which may 
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improve not only the CSME-GFAAS system, but improve the understanding of the 

complex chemistry involved in the graphite furnace atomizer. 

5.2 New Detector Technology 

The most critical instrumental innovation applied in this research project was the 

detector, the CED 38SG. The echelle-CID based detection system provided several major 

advantages over conventional GFAAS detection systems. These advantages included 

continuous wavelength coverage, simultaneous analysis of multiple analytical lines, and 

simultaneous background correction. 

Several of the limitations of this instrument system can be associated with the CID 

38SG detector. Fortunately, CID Technologies (Liverpool, NY) has recently announced 

the development of a new array detector similar to the CID 38. RACID84, the new 

detector device, should provide a wide range of solutions to many of the problems 

encountered in this research project. The operating characteristics of the CID 38SG and 

RACID84 are compared in Table 5.1. 

5.2.1 Readout Speed 

One of the most predominant limitations associated with this detector system is 

readout speed. Readout speed not only limits the number of analytical lines and 

subsequently the total number of elements that can be examined, but also limits the type 

of light source that can be used. 

The first limitation associated with readout speed is the number of analytical 

lines that can be simultaneously observed in a single trial. To adequately sample the 
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CID 38 RAC1D84 
Format 512 X 512 1024 X 1024 

Pixel Size 28 X 28 urn 27 X 27 um 
Pixel Clock 33 kHz • 50 - 500 kHz 

Table 5.1: Specifications of the CID38 and the RACID84. *Given a gain parameter of 
50. 
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atomic line to determine atomic absorbance over the analysis time, the effective sampling 

rate should be approximately 50 Hz or greater [15]. For the majority of these 

experiments, effective sampling rates often fell within 25 - 50 Hz for a three line 

experiment, thus limiting the maximum number of wavelengths observed to three for the 

CID 38SG. 

The RACID84 has two features enabling much faster readout speeds. First, the 

pixel clock of the RACID84 is faster than that of the CID 38SG. Second, the RACID84 

is capable of a special readout mode known as "collective readout." To read out a 

s p e c t r a l  w i n d o w  o n  t h e  C I D  3 8 S G ,  e a c h  o f  t h e  i n d i v i d u a l  p i x e l s  o f  a n  e n t i r e  1 8 x 3  

subarray must be read out. Collective readout enables multiple pixels to be read 

simultaneously. Thus, the 54 reads of the CID 38SG required to obtain an absorbance 

measurement, could be reduced to three as shown in Figure 5.1. If the pixel frequency is 

100 kHz, the RACID84 can be estimated to read atomic absorbance lines approximately 

54 limes faster than the CID 38SG, resulting in simultaneous measurement of more 

analytical lines and much higher effective readout rates. 

The second limitation of readout speed is associated with the light source. The 

present light source used on the CSME-GFAAS system is a continuous wave xenon arc 

lamp. The continuous wave source output has been demonstrated to decrease as 

wavelength decreases. From 400 - 250 nm, the spectral intensity drops by an order of 

magnitude. From 250 - 200 nm, the spectral intensity has dropped by another order of 

magnitude [15]. Many important analytical wavelengths, especially As and Se, appear at 

wavelengths of 193.7 and 196.0 nm, respectively. As and Se are significant metals in 
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Figure 5.1: Collective readout allows the 54 pixel subarray to be read in 3 reads instead 
of 54. Groups of pixels are read together as shown by the dark boxes around three 9 
pixel groups. 



in 

environmental studies. However, these elements could not be determined in these 

experiments because the photon flux in these regions was too low to obtain reliable 

analytical information. 

Research has shown that a pulsed xenon arc lamp can significantly improve 

output in the ultraviolet. This phenomenon is explained by treating the light source as a 

black body. Rather than using a low continuous current to generate the light from the 

source, short bursts of high current can be used instead [15]. According to Planck's law, 

higher temperature results in an increase in intensity and a wavelength shift to the blue 

[32]. Thus, a pulsed light source will deliver greater intensity in the ultraviolet. 

Unfortunately, application of such a light source would have been impractical in 

these experiments due to the limited readout speed of the detector. Commercial models 

of these sources can be pulsed from approximately 10 to several hundred Hz. Although 

the detector has a readout rate of 33 kHz, the effective sampling rate of a given analytical 

line for an experiment with three analytical lines is 113.6 Hz. After data processing, 

which involves averaging of groups of subarrays to reduce noise, the effective readout 

rate is often 25 - 50 Hz. Because the intensity of the pulses is very high, a pulse 

occurring during a subarray read is likely to generate a significant intensity differential 

over the subarray. Therefore, the camera control system would have to be synchronized 

with the light source to prevent readings during pulses. Such synchronization would 

further reduce the effective readout rate. 

The RACID84 readout rate is considerably higher. As stated earlier the collective 

readout allows a subarray to be measured in three reads instead of 54. Furthermore, the 
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pixel clock is roughly three times faster. Based on the effective readout rate of the three 

element experiment discussed earlier, the effective readout rate should roughly improve 

by a factor of 54. The effective readout speed for a three analytical line experiment 

would be approximately 6000 Hz, allowing for a great deal of flexibility in source 

operating characteristics. Furthermore, synchronization, which would still reduce the 

readout rate, would not reduce the readout rate below the minimum necessary to view 

atomic lines. With the RACID84, investigation of a pulsed light source is practical and 

should be investigated. 

5.2.2 Array Area 

Another potential advantage provided by the RACID84 is that of increased array 

area. As demonstrated in Table 5.1, the CID 38SG had an array area of 512 x 512 pixels 

with pixel sizes of28 x 28 (im. The CID 84 has an array area of 1024 x 1024 pixels with 

a 27 x 27 |im pixel area. This results in a detector with an area approximately 3.7 times 

that of the CID 38SG. The larger array area would address two difficulties noted in this 

research project. 

First, stray light due to overlapping orders proved to be a significant problem as 

described in Chapter 2. By having a larger array area, a prism of higher dispersion could 

be employed in the spectrometer. This would allow improved order separation without a 

sacrifice in wavelength coverage. 

Another problem discussed in Chapter 3 dealt with the analysis of Cr. The most 

sensitive analytical absorption wavelength for Cr is 357.9 nm. Unfortunately, this 

wavelength was found slightly off the array area. According to the manufacturer, gaps in 
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wavelength coverage begin to appear at wavelengths longer than 320 nm. Therefore, the 

slightly less sensitive Cr 359.35 was used instead. A wider array area would eliminate 

these gaps. 

5.2.3 Array Architecture 

Finally, the new array offers improvements in array architecture. As stated 

earlier, certain multiple line calibrations could not be performed because the subarrays 

for the corresponding analytical lines had overlapping rows. This problem was related to 

the means by which the device addresses pixels. The new device promises true random 

access which would remove this restriction in that any pixel or subarray on the device 

could be directly addressed. 

5.3 Improvements in Atomizer Technology 

Another necessary avenue of exploration in the pursuit of multielement furnace is 

in the development of the furnace atomizer itself. While the commercial unit used in 

these studies was capable of producing useful analytical data, the temperature studies 

demonstrated that combining certain elements in a single study, such as T1 and Cr, for 

example, would require a serious compromise in furnace programs and possibly reduce 

sensitivity and accuracy. Berglund et al. have been investigating the use of an integrated 

contact furnace that allows more uniform operating conditions to be applied [33]. 

5.4 Improved Understanding of Furnace Chemistry 

Atomization in graphite furnace is a very complex process. Not only do a series of 

reactions take place on the surface of the graphite, but reactions can take place in the 
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vapor phase as well. As demonstrated by not only the red wine analysis but also the 

activity of the Pd, Mg modifier itself, the presence of various matrix constitiuents can 

significantly affect both the pyrolysis and the atomization characteristics of each analyte. 

Specifically, one future study possible using the current instrumentation should 

involve the identification of the various constitiuents in the red wine. Once identified, 

systematically determining the effects of each constituent on the atomization 

characteristics of various analytes such as Pb and Ti may provide some insight as to the 

nature of the reactions occuring in the cuvette. 

5.5 Chemical Modifiers 

Further study in the area of chemical modifiers is also a necessary aspect of 

multielement furnace techniques. As already stated, the Pd, Mg modifier used in these 

studies proved to be very useful in these investigations. However, this research 

demonstrated that the modifier was not universally useful with respect to element or 

matrix. 

5.6 Multivariate Analytical Methods 

5.6.1 Cluster Analysis 

B. Medina has reported that perhaps the best means of verifying the geographic 

authenticity of wines was through mineral content. Unlike some of the other constituents 

used to verify wine authenticity, minerals are the most stable component. Although 

GFAAS was reported as having the sensitivity to carry out such analyses, it lacked the 

ability to perform the simultaneous multielement determinations that are necessary when 
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categorizing samples using a cluster analysis technique [34], Once new detector 

technology becomes available, the number of simultaneously observed analytical lines 

and elements will be increased, which would potentially allow cluster analyses to be 

performed not only on wine, but also on other agricultural samples for which knowledge 

of geographic origin is of importance. 

5.6.2 Extention of Calibration Range 

One major drawback to GFAAS analysis has been the limited dynamic range. The 

Cr and Mn study illustrated a fundamental drawback in multielement determinations 

when analytes had concentrations that differed by a few orders of magnitude. Several 

data treatments have been developed to extend calibration range. One method involves 

the observation of the sides of the absorbance line instead of the center to reduce the 

calibration sensitivity at higher concentrations [35]. A second method involves the use of 

hyperbolic calibration curves which model the different chemical and spectral deviations 

from Beer's Law [20]. 

As already stated, the continuous wavelength coverage offered by an echelle-CID 

system allows for the analysis of multiple lines for the same element. The use of multiple 

lines of varying sensitivity for analyzing a given element will potentially allow for 

cxtentions in calibration range. Unfortunately, limitations in wavelength selection did 

not permit a thorough study in this area. However, with an improved light source and 

detector, the possibility of extending calibration range in this manner should be 

investigated. 
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5.7 Conclusions 

In conclusion, the sensitivity, minimal sample preparation, and now speed 

demonstrated by multielement graphite furnace, in this study and others, warrants 

continued research in not only CSME-GFAAS but also in the chemical processes 

occurring during the analysis. Several instrumental advances should improve the number 

of simultaneously observed lines and enable use of wavelengths below 250 nm for 

quantitation. With these advantages, multivariate analyses and improved calibration 

ranges should be realized. 

However, as demonstrated by this research project, advances in the understanding 

of the fundamental chemical processes of graphite furnace atomization is a necessary 

factor in successful multielement determinations. A thorough understanding of the 

chemical and physical processes occurring inside the graphite furnace could lead to the 

design of better furnaces and identification of better, and possibly more universally 

applicable modifier systems. The work to obtain accurate and precise quantitation of 

trace elements in a variety of matrices using simultaneous multielement graphite furnace 

is just beginning. 
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