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Abstract

A simple attachment to enhance the sensitivity of flame atomic absorption spec-
trometry (FAAS) is described along with some performance results and practical

applications. An historical review is also presented.

Introduction

In theory, atomic absorption spectrometry (AAS), is very simple: introduce ground
state (metal) atoms into the appropriate instrument’s optical path and measure the
absorption of light at an appropriate wavelength [1]. The device that generates the
atoms is called an atomizer and there are several types:

Flame

Vapor generation (cold and heated)

Graphite furnace

Cathodic discharge [2.3]
The flame atomization system offers several advantages:

Relative freedom from interference
Low capital cost
Low running cost

Rapid and simple operation
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Flame atomic absorption spectrometry (FAAS) is routinely
used to measure solutions at the parts per million
level-equivalent to one gram of element per 1000 kg of solu-
tion—which is suitable for a wide range of analyses. The other
atomizers offer such benefits as greater sensitivity or minimal
sample preparation. However the initial outlay and running
expenses can be higher. Much closer attention to the chem-
istry of the samples is also required. Consequently various
schemes have been devised to enhance the sensitivity of
FAAS without incurring the expense associated with the other
techniques. Some of the more commonly used methods as
well as some speculative ideas will be outlined.

Enhancements in FAAS

All methods to improve the sensitivity of FAAS must involve
at least one of the following stages:

+  Sample preparation/preconcentration
*  Nebulization
*  Atomization

Each of these techniques is discussed in turn.

Sample

The simplest and cheapest methods for improving sensitivity
rely on increasing the concentration of the sample solution.
After sample dissolution, one of the following methods of
sample preconcentration may be applied:

+  Solvent evaporation

*  Solvent extraction (for example, APDC/MIBK)
* lon-exchange (for example, Chelex-100)

»  Co-precipitation

While all are used [4], the method of solvent extraction (chelat-
ing the analyte and extracting with an organic solvent) is prob-
ably the most common. All of the methods are slow, increase
the possibility of contamination and need a sample volume of
at least 10 to 100 mL. The ion-exchange technique is the only
one which could be developed into an automated online system
and may overcome the speed and contamination problems.

Nebulization

Nebulization is the physical process of changing the bulk
solution into a spray of fine droplets and mixing the droplets
with the combustion gases.

The premix (laminar flow) burner assembly is invariably used
in commercial FAAS instruments (Figure 1). A venturi is used
to create a low pressure zone which draws up and causes
nebulization of the solution. An impact bead breaks up the
droplets even further. Mixing paddles or baffles may also be
used to improve gas mixing and to remove larger droplets.
The gas mixture is then passed into the burner and

the combustion zone.
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Figure 1. The Agilent Mark-VI spraychamber: (1) nebulizer, (2) ceramic face-

plate, (3) adjustable glass bead, (4) drainage tube, (5) dual-head
mixing paddle, (6) enhanced slope floor.

The main advantage of the premix burner assembly is its low
noise and reproducibility. Agilent Technologies has introduced
a new nebulizer [5], spraychamber [6], and a burner [7] to
enhance further these benefits. However these improvements
were not intended to improve the sensitivity significantly.

The difficulty of improving sensitivity can be demonstrated by
using some typical numbers from this process. The nebuliza-
tion process is only about 10% efficient so an uptake rate of
5 mL/min implies 0.5 mL/min passes through the burner. In
most instruments 15-20 L/min of gas also flows through the
burner. The effective dilution of the sample is therefore
approximately 0.5/15000 or 1/30000.

The spraychamber would appear to be the obvious area to
look for improvements in sensitivity. However even after
decades of research and experimentation further significant
improvements have yet to be made.

A heated spraychamber has been described which improves
sensitivity for dilute, low solid solutions [8,9]. It appears likely
that the premix spraychamber has been refined to its optimum



performance.

Logically the next potential area for improvement would be
the nebulizer. Indeed it is possible to adjust the standard
Agilent nebulizer to improve substantially the sensitivity for
aqueous copper solutions. However the penalty of this mode
of operation is an increased uptake rate and larger droplets in
the flame. This would be perfectly acceptable if all samples
behaved like aqueous copper solutions. In practice, under
these conditions most solutions are known to cause unaccept-
able problems such as inter-element interferences, signal
noise and blocking of the burner or nebulizer. Therefore obtain-
ing sensitivity by increasing uptake rate is not recommended.
Other nebulization schemes have been proposed. For example,
it is quite feasible to use ultrasonic vibrations for improved
nebulization. A different approach is to use electrostatic pre-
cipitation of the solid solutes in the aerosol [10-12]. However
both techniques have yet to find wide acceptance in FAAS.

Atomization

The physical changes occurring to the solution aerosol in a
flame are summarized in Reference 1. Work has been done on
trying to understand the process better [8,13,14] but knowledge
is still somewhat empirical, even without considering the
chemical aspects or interferences. The number of analyte
atoms present should in principle depend only on the volume of
liquid reaching the combustion zone and the efficiency of atom
formation. The flame sensitivity is determined by the number of
ground state analyte atoms present in the optical path.

If the removal rate of the atoms from the optical path could be
reduced, then an improvement in sensitivity should be
observed. Such an approach was pioneered by Robinson [15]
on a total combustion burner. Watling [16,17] experimented
using a laminar flow burner with a slotted tube above the
flame and Brown et al [18—20] have done additional work. (It
should be mentioned that the Delves cup technique [21] also
uses a tube.) This scheme is discussed in more detail in the
following section.

A closely related approach pioneered by Lau [22] and investi-
gated by several others [23-31] is to trap the atoms physically
on the surface of a narrow diameter water-cooled silica tube
placed just above the cone of the flame. After a suitable col-
lecting period, the atom-trap tube is allowed to heat up (by
stopping the flow and removing the water) and atoms are
released to give an enhanced transient signal. Enhancements
of 10 to 30 times have been reported. Practical difficulties
have limited the application of this technique.

Atom Concentrator Tube, ACT 80

Watling, in 1977, described a slotted quartz tube which he
placed over a conventional AA-6 air-acetylene burner and
observed an improvement in analytical sensitivity [16,17].

The commercially available ACT 80 is a quartz tube 150 mm
long with two lengthwise cuts. The longer slot is 100 mm x

2 mm, the shorter 80 mm x 2 mm. These cuts are angled at
120 degrees to each other relative to the tube’s axis. The ACT
80 is installed in a standard Agilent Vapor Generation
Accessory (VGA 76) cell holder and fits on a burner as does the
VGA 76 cell. The longer slot is aligned over the burner slot; the
shorter faces towards the rear of the instrument away from the
holder. As with the VGA 76 cell, only the air-acetylene flame can
be used as a hotter flame would destroy the tube. Figure 2
shows the tube in its holder.

Figure 2. The ACT 80 Atom Concentrator Tube.

The ACT 80 tube must also be optically aligned so that the
long axis of the tube coincides with the light beam. It was
found in practice that the burner and ACT 80 needed to be
lowered about 7 mm (equivalent to the radius of the tube).

Experimental

The performance of the ACT 80 was evaluated using
SpectrAA-300/400 spectrometers fitted with a Mark VI spray-
chamber and a Mark VA or a Mark VI air-acetylene burner. A
VGA cell holder clamp was attached to the burner. Instrument
default conditions were used for all measured elements.
Where nitrous oxide-acetylene was the default flame, air-
acetylene was used instead. Oxidant flow was 13.5 L/min and



acetylene flow 2.0 L/min. Delay time was 20 s and the read
time period was 10 s integrated. All measurements were
made after the system had been operated at least ten minutes
to reach equilibrium.

Results and signal graphics were sent out to a printer. In addi-
tion, sample absorbances were sent to an ASCII file for further
data manipulation.

Standard solutions were made from BDH (Poole, England)
Spectrosol 1000 mg/L standards. Solutions and blanks were
acidified with Analar grade concentrated nitric acid to give
0.5% v/v in final volume. Water was distilled from a Pyrex still
and deionized with a Waters Milli-Q system to 18 MOhms
conductivity.

Practical Points

The ACT 80 must be tilted back out of the way when lighting
the flame. Otherwise for tongue-of-flame igniters a significant
amount of acetylene builds up inside the ACT 80 with subse-
quent noisy ignition. Mechanical igniters would physically
damage the ACT 80.

Flame composition is also an important factor. It was found
that a lean to stoichiometric flame was needed. A rich flame
causes soot formation and the signal noise becomes unac-
ceptably high. Elements requiring a rich flame such as
arsenic, chromium or molybdenum are therefore not usefully
measured using the ACT 80. It was noted with arsenic that
each blank signal increased and the blank and solution
absorbances tended to give the same value. While this obser-
vation is not strong evidence for a memory effect, it cannot
yet be eliminated. Alkali and alkaline earth (Group | and Il)
metals which etch heated silica [22] are also not usefully
measured with this technique.

Devitrification of the tube inevitably occurs and starts initially
around the inlet slot. The presence of Group | and Il metals
tends to accelerate this process. However it is possible to
aspirate strong solutions (1000 mg/L or greater) of aluminium
or lanthanum which provide a protective coating [23] and so
retard the devitrification process. This should be done each
time the tube is used and must be repeated on a regular
basis. Tube lifetimes for samples with simple acidified matri-
ces for example, water or dilute solutions of solids should typ-
ically be several hours of continuous operation. At a rate of
approximately 200 samples/hour many samples may be
determined using one tube.

Lifetime is maximized by continuous operation because
cooling and reheating stresses the quartz.

Results and Discussion

Performance

As a guide to performance, improvements in characteristic
concentration and detection limit were measured for selected
air-acetylene elements. For both values the absorbance of a
dilute solution of the analyte must be measured. The
absorbance must be determined on a linear portion of the cali-
bration graph and so concentrations were selected to be
approximately equal to the characteristic to determine the
characteristic concentration (determined using values previ-
ously published by Agilent). In practice ten measurements of
the solution were made interspersed by measurement of the
blank solution. Measurements of each series were done with-
out the ACT-80 and repeated with the ACT-80 fitted (the burner
height was reoptimized as needed).

Each element required a large number of readings and to
avoid transcription errors the measurements were also print-
ed to an ASCII file. This file was subsequently read by a
BASIC program written to extract the absorbance values and
perform the necessary calculations. Each solution absorbance
was corrected by subtracting the mean of the two adjacent
blank readings. The mean and standard deviation of the ten
corrected absorbances were used to determine the character-
istic concentration and detection limit values. These values
were then loaded into a a LOTUS1-2-3 spreadsheet to generate
Table 1.

Table 1 also lists, for reference only, Agilent data on detection
limit and characteristic concentration values. The values
found from this study were obtained using fixed air-acetylene
flows and should not be directly compared with values
obtained by optimizing conditions for each element.

The following points are drawn from Table 1:

1. All the elements listed showed some improvement in sen-
sitivity. These tended to be consistent as indicated by
duplicate runs. Copper was repeated on different systems.

2. All improvements appear to be about 2X to 3X, which
reflects the findings of Watling [16,17] and Brown [18-20].

3. Generally there was a corresponding improvement in
detection limit. The statistical nature of detection limit
means direct comparisons should be interpreted cau-
tiously but since the improvement factor is almost always
greater than unity it is inferred that the ACT-80 does
improve detection limits. Gold, cadmium and lead appear
to show the best improvements.

4. lIron and platinum showed no significant improvements in
characteristic concentration or detection limit.



Table 1. Comparison of Detection Limits and Characteristic Concentrations for Selected Air-Acetylene Flame Elements

Characteristic concentration Detection limit
Standard Act-80 Act-80 Standard Act-80 Act-80
Literature FAAS FAAS improvement Literature FAAS FAAS improvement

Element FAAS (Ht=10) (Ht=3) factor FAAS (Ht=10) (Ht=3) factor
Ag 0.030 0.0134 0.0049 2.1 0.002 0.0019 0.0020 1.0
Au 0.100 0.1226 0.0451 2.1 0.010 0.0148 0.0036 41

Bi 0.200 0.2647 0.0919 2.9 0.050 0.0766 0.0177 43

Bi 0.2498 0.0903 2.8 0.0414 0.0211 2.0

Cd 0.010 0.0123 0.0054 2.3 0.002 0.0047 0.0011 43
Cu 0.030 0.0422 0.0214 2.0 0.003 0.0055 0.0056 1.0

Cu 0.0496 0.0212 2.3 0.0047 0.0034 1.4
Cu” 0.0448 0.0189 24 0.0066 0.0065 1.0

Fe 0.050 0.0538 0.0362 15 0.006 0.0110 0.0102 1.1

Hg 1.500 242178 0.8581 2.8 0.150 0.3094 0.1121 2.8
Mn 0.029 0.0291 0.0141 2.1 0.002 0.0025 0.0019 1.3
Pb 0.100 0.1182 0.0404 2.9 0.010 0.0301 0.0090 3.3

Pt 1.000 2.0064 1.9328 1.0 0.100 0.1220 0.0967 1.3
Sb 0.300 0.3866 0.1244 3.1 0.040 0.0678 0.0462 15
Se 1.000 0.3356 0.1010 33 0.500 0.1381 0.0927 15

Te 0.200 0.2476 0.0903 2.1 0.030 0.0760 0.0492 15

Tl 0.200 0.1509 0.0588 2.6 0.020 0.0112 0.0052 22
Notes: -Ten readings were taken and the mean calculated for each value.

-Uptake rate was fixed at 6 mL/min.

-All conditions constant except for burner height (“Ht").

-"Ht" is burner position as shown on the instrument’s burner vertical scale.

-Concentrations are about 10 times detection limit (except for Cu™ which was 100 times).

-Quoted results for Se used nitrous oxide-acetylene flame. This study used an air-acetylene flame.
-Some elements show replicate results. With Cu, results were from different burners.

The following definitions apply:
Detection limit = 2 x Standard Deviation x Concentration
Mean Absorbance

(IUPAC now recommend detection limit to be 3 times standard deviation, for comparison with literature values 2 times is used here.)

Characteristic concentration = 0.0044 x Concentration
Mean Absorbance

As an illustration, signal graphics for a standard lead solution path. Whether the flame has less entrained air or the reducing
measured with and without the ACT-80 tube in place are interconal zone is broadened or the diffusion of atoms is
shown in Figure 3. slowed down requires more work to elucidate. However, it

o . ) ) ) appears that atoms are not trapped but merely delayed.
Variation in tube dimensions were not investigated, however

Brown used a tube 8 mm id (Watling did not specify dimen- The sensitivity of the nitrous oxide-acetylene flame would per-
sions). The similarity between the results of this study and haps also benefit from this technique but its higher temper-
the published data indicates that the enhancement is not ature (2600 °C) means that the tube would need to be very
influenced greatly by the tube dimensions. refractory. The Delves cup method has been applied to the

_ o _ nitrous oxide-acetylene flame [32] so a refractory atom
Watling suggested the flame characteristics are being affect- concentrator tube may be feasible.

ed in a way to encourage atom residence time in the optical
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Figure 3(a). Pb signal compared to blank without ACT-80 tube.

SIGMAT. T
g.he T
i
I
™ H |
Al |
8 !
SO e 4 "
| i : ' ;
et M dr o uR e
watsielibilvie
-4, 18 : | | L N
2

Iy

TIKE (sec?t

o

Figure 3(b). Pb signal compared to blank with ACT-80 tube.

Calibration Graphs

Calibration graphs were generated for four selected elements.
The highest standard was selected to give about 0.3 Abs
without the ACT-80 tube. As shown in Figure 4 the slope is
clearly increased as would be anticipated from the improve-
ments seen for the characteristic concentration. The graph for
selenium shows that curvature is apparently more pro-
nounced with the ACT-80 in place. However the same curva-
ture is seen with higher solution concentrations without the
tube in place. To corroborate this, the highest standard con-
centration used with the ACT-80 gave an absorbance equiva-
lent to a standard three times the concentration without the
tube.

Practical Applications

To illustrate the use of the tube in practical applications, qual-
ity control samples supplied by the United States
Environmental Protection Agency (US EPA) were measured
against aqueous standards. The levels of cadmium, copper
and lead in EPA samples #4 and #5 are at or below the quot-
ed detection limits for normal flame operation. A limited
amount of National Bureau of Standards SRM 1643b water
was also available and used for cadmium determinations.

Apaorbunre

asuamance

e

t o8

o8 -

0.4

A8+

CADMIUM

GOLD

ca

0.8

a6

a5

24 <

2z

TR LA

[+

Figure 4. Calibration graphs of selected elements showing improvement in
sensitivity. (+ = ACT-80, O = normal FAAS)



The recommended instrument settings were used for each
element. A delay time of five seconds and a read time of three
seconds with three replicates were used. With these condi-
tions about 200 solutions could be measured per hour. At
least ten readings were taken for each sample to calculate
standard deviations. The calibration graphs obtained are
shown in Figure 5. A summary of the measured means and
standard deviations are listed in Table 2. It can be seen that
the measured results agree closely with the certified values
even when working at the quoted detection limit for normal
flame operation.
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Figure 5. Calibration graphs used to measure quality control samples.

Table 2 Results for Quality Control Samples

Mean Mean
Material ng/g SD abs

Results for Cd using ACT-80
US EPA sample 4 2.38 0.17

Comments

Found 1.5 0.3 0.001 At quoted detection limit
US EPA sample 5 12.3 14

Found 12.1 0.2 0.009

NBS SRM 1643b 20 1

Found 20.6 1.0 0.017

Results for Cu using ACT-80
US EPA sample 4 11.3 2.6

Found 1.7 0.2 0.003
US EPA sample 5 49.4 35
Found 49.6 0.5 0.014

Results for Pb using ACT-80
US EPA sample 4 24.7 3.7

Found 23.8 2.8 0.002 Twice quoted detection limit
US EPA sample 5 122 14.8

Found 127.6 22 0.013

Notes: Ten or more readings were taken for each solution.

SD is the standard deviation.

Conclusion

There is a measurable improvement in signal using the ACT-80.
The improvements seen are comparable with those previously
published. This study shows that there is an improvement in
characteristic concentration between two and three times that
of the normal FAAS. Detection limits generally show somewhat
similar improvements. The ACT-80 is simple, cost effective and
offers benefits in low level analyses.
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