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(57) Abstract: This invention relates to an atomic absorption spectrometer (AAS) (102) to an AAS system (100) and to a method
& (200) of atomic absorption spectrometry. The AAS (102) includes an electromagnetic (BM) radiation emitter (104) operable to
& emit a radiation continuum across a broad spectrum and a detector arrangement including a spectrograph (108) and an array of
photo-sensitive pixels (1 10), the spectrograph (108) being operable to spread EM radiation across the entire broad spectrum at once
to the array of pixels (1 10) to measure radiation across the entire broad spectrum. The AAS (102) further includes an electro-thermal
atomiser (106) operable to vaporise an analyte to a high vapour density and a control module (124) operable to calculate and linearise
the function of absorbance against concentration of the analyte vapour in the atomiser (106) based on the measured radiation.
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Atomic absorption spectrometry

FIELD OF INVENTION

THIS INVENTION relates generally to atomic absorption
spectrometry and particularly to an atomic absorption spectrometer and a
method of atomic absorption spectrometry.

BACKGROUND

The Inventor is aware that, in atomic absorption spectrometry (or
spectroscopy), electromagnetic radiation is directed at a sample, the
composition of which is to be analysed. The presence and concentration of a
particular element is determined based on an amount of radiation absorbed by
the sample vapour at a particular wavelength. Each element has a
characteristic absorption wavelength (or combination of wavelengths) which
uniquely differentiates it from other elements.

In traditional Electrothermal Atomic Absorption Spectrometry
(ETAAS), electromagnetic radiation (e.g. light) from a linear spectrum light
source passes through the cavity of a fast heated graphite tube atomiser [1].
The sample is fully vaporised in an argon atmosphere from the wall or special
substrate (platform) in the centre of the tube. The cavity serves as absorption
volume, and the sample vapour is transported from the centre to the open
ends of the tube on account of diffusion or argon flow. Radiation

corresponding to specific resonance line 4, in the spectrum of the element to

be determined (analyte) is monitored as electric output of the detector,

I,(4)andI, (4,), before and during the vaporisation pulse, respectively. Time

dependent linear absorbance A (4)=logll,(1)/1,(4)] is used to
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characterise an amount of atomic vapour of the analyte N, in the vapour
phase. At low absorbance (A (4,)<0.3+0.4 for the most sensitive atomic

lines) N, is proportional to A, ; above that limit function A (4,) vs. N, depends

t

on a structure of the specitral line and characteristics of the radiation source.

Total amount of the analyte in the sample N, within the proportionality range

A (4) vs. N, is thus characterised by the absorption peak area:
Ny =@ [A At (1)
0

where 7 is residence time of atoms in the absorption volume. Calibration of
the measurements is performed using the reference material with known
content N, (parameter 7 is considered to be equal for the analyte from the

sample and reference material).

The use of integration (1) under conditions of full atomisation
provides independence of the determination results from the analyte release
rate out of the sample and reference material. Since atomic absorption can be
accompanied by non-specific attenuation of light due to presence of matrix,
various instrumental methods are used in analytical practice to separate
atomic absorption from the background (BG correction) [1]. Limit of detection
(LOD) for a particular element is determined mainly by sensitivity of the
absorption line, ability of the atomiser to create high pulse density of atomic

vapour and level of fluctuations, d,(4,) and dl,(4,) at low absorption. The

error caused by fluctuations of radiation from the light source is normally
reduced using special optical arrangements (e.g. a double-beam
arrangement). Effect of random fluctuations on LOD depends on intensity of
radiation and broadening of line profile in the light source. The measurements
for specific analyte and respective calibration are performed using similar
experimental conditions. Each measurement includes the sampling and run
of temperature program specific for the analyte and major sample
components, which normally includes drying, thermal pre-treatment,
atomization and cleaning steps that altogether takes time about 1 minute or
more. Dilution of the sample between sequential measurements is needed to

PCT/IB2009/050138
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provide absorbance within the linearity range A,(4,) vs. N The

r -

measurements for various analytes are performed sequentially with the use of

specific light sources matched to each analyte.

Within the last 10-15 years, the status of ETAAS as the most
popular technique for determination of trace elements has been reduced
owing to fast development and broad distribution of ICP-OES (Inductively
Coupled Plasma Optical Emission Spectrometry) and ICP-MS (Inductively
Coupled Plasma Mass Spectrometry) instrumentation for multi-element
analysis. The main reason for the decrease of interest in ETAAS is its
slowness due to the necessity of exchange of spectral lamps and sample
dilution according to the content of each analyte and sensitivity of respective
lines. Nevertheless, ETAAS still remains cost effective and, in general, less
prone to interferences when compared to other methods of analytical atomic
spectrometry. Advancement of ETAAS into the range of multi-element
methods would provide new analytical opportunities such as drastic reduction
of the determination time and determination of elements ratio in each single
sample. The most successful attempts t0 make multi-element instrument
based on traditional AAS approach were realised by combination of four light
sources and respective similar optical arrangements with a single ET atomiser
(e.g. Perkin ElImer SIMAA 6000 spectrometer [2]).

The alternatives to traditional ETAAS have been discussed
comprehensively by Harnly [3] and Welz et al [4]. They associate prospects
of multi-element determination by ETAAS with the use of high resolution (HR)
spectral instrumentation, continuum light source (CS) and charge coupled
device (CCD) detection with fast repetitive scanning of specific narrow
spectral area. Currently, this concept is used for sequential determination of
elements in a graphite tube atomiser with fast readjustment of analytical lines
(contrAA® 700 HR-CS AA spectrometer, Analytic Jena [5]). In each
measurement the spectral area 0.5 nm width including the analytical line is
selected using high resolution double echelle monochromator. This area,
containing 500 CCD pixels (with a wavelength increment of about 0.0018 nm
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per pixel), is scanned using frequency 1-102 s (10 ms per scan) sufficient for
processing a 1-3 s vaporisation pulse typical for a graphite tube ETAAS.
95
In the HR-CS AA spectrometer, a concentration of analyte atoms in
the absorption volume is measured using absorption at wavelength 4 within
the absorption profile, A (1) = A(p,,n), where p and n are pixel and scan
numbers respectively, and p, is the pixel between p,, and p., adjacent the
100 absorption line. High resolution provides the width of instrumental profile
close to that of the absorption line that guarantees proportionality A(p,,n) vs.
N, within the range A(p,n) < 1 [4]. This permits the use of absorption
maximum corresponding to pixel p, ,
N, < A(p,,.n), (2)
105 or linear combination
N, o< A(Py,s 1) = AP 1) (3)
where A(p,,.,.n) is average of A(p,...n) and A(p, ..n), for
characterisation of atomic vapour content in the absorption volume, N,.
Equation (3) permits correction of the non-specific spectral background next to
110 the absorption line, A(p,,...n) and use of the sum of all scans for

characterisation of full amount of the analyte in the sample,
Ny o< D LA 10y 1) = AP )] - (4)

If the scanning frequency is sufficient, the summation (4) becomes equal to
temporal integration

115 62 (AP 1) = AP )] = [ A, (A, )1 (5)

where 6 is time between sequential scans that provides independence from
the vaporisation rate of the analyte.

A high resolution instrument provides effective separation of
120 analytical lines of different elements that guaranties low probability of spectral
interferences. On the other hand, the lines of several elements can be

detected with an HR instrument and used for true simultaneous determination
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only if they belong to the selected narrow spectral area (0.5 nm for the
instrument described in [4]), which can be scanned fast to provide large

125 enough number of scans during the vaporisation pulse. However, the number
of lines which meet this requirement is limited; the determination sensitivity
with these lines is normally much lower than that for the analytical lines
situated beyond the scanned interval [6]. These factors prevent the use of an
HR CS ETAAS instrument for true simultaneous multi-element determination.

130 Although the analysis time is much shorter compared with traditional AAS
methodology due to the presence of only one light source, the determination
of various elements has to be performed sequentially using repetitive
sampling.

135 In order to provide true simultaneous ETAAS determination of
several elements from a single sample with a continuum light source, a
spectral range between 200 and 400 nm is needed where the main sensitive
resonance lines normally used in AAS, are situated. In this spectral area the
number of CCD pixels should be large enough to resolve main absorption

140 lines of various metals. On the other hand, the pulse character of atomic
absorption signals necessitates a high speed of data collection that limits a
number of CCD pixels to be used for the measurements. This trade-off
presents a difficulty in using electrothermal atomisation in HR CS AAS for
simultaneous multi-element determination.  Another difficulty relates to

145 providing broad determination ranges for various elements without dilution of
the sample.

The Inventor believes that it is not practicable to provide high

spectral resolution (i.e. small individual wavelength increments between the

150 neighbouring pixels) as well as a broad spectrum. For example, if the above
array of pixels were 1o be extended to cover a broad spectrum from 200 nm to

400 nm (for a range of 200 nm) having a high resolution (with a wavelength

increment of about 0.0018 nm per pixel), the array would need about 110000

pixels. Fast data collection from such number of pixels is impossible or

155 impracticable using present day techniques. Similar problems should also
persist if a high resolution spectrum is presented in a broad wavelength area
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as several strings of lines (in echelle spectrograph), and two-dimensional
CCD is used for the data collection [3].

160 The inventor wishes to overcome or at least alleviate the sequential
sampling drawback of AASs.

SUMMARY OF INVENTION
165
According to one aspect of the invention, there is provided an
atomic absorption spectrometer (AAS) which includes:
an electromagnetic (EM) radiation emitter operable t0 emit a radiation
continuum across a broad spectrum;

170 a detector arrangement including a spectrograph and an array of photo-
sensitive pixels, the spectrograph being operable to spread EM radiation
across substantially the entire broad spectrum at once to the array of pixels to
measure radiation across substantially the entire broad spectrum;

an electro-thermal atomiser operable to vaporise an analyte; and

175 a control module operable to calculate and linearise the function of

absorbance against concentration of the analyte vapour in the atomiser based

on the measured radiation.

In the context of this specification, “oroad spectrum” refers to a
180 spectral range (e.g. 200 nm) which includes absorption wavelengths of a
plurality of elements, while "narrow spectrum” refers to a spectral range (e.g.
1nm) centred at or near the absorption line of a specific element, with a small
tolerance either side. The broad spectrum may be at least one, and optionally
two or more, order of magnitude wider than the narrow spectrum.
185
The AAS may be a low or high resolution AAS. It is to be
appreciated that the pixel array of a low resolution, wide spectrum AAS in
accordance with the invention may have a similar number of pixels as that of a
high resolution, narrow spectrum AAS in accordance with the prior art. Thus,
190 the pixel array itself may be similar to those of prior art AASs. The pixel array
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(of the AAS in accordance with the invention) may, for example, include
between 3000 and 4000 pixels.

The EM radiation emitter may include a single continuum light
195 source, which may, for example, have a broad emission spectrum of at least
200 nm to 400 nm.

The spectrograph may be configured to spread substantially the

entire broad spectrum across the pixel array in relatively large increments per

200 pixel. Therefore, in the case of a broad spectrum of 200 nm to 400 nm and a

pixel array having 4000 pixels, the wavelength increment may be
approximately 0.05 nm.

The AAS may include a housing which defines therein an
205 absorption volume and which accommodates, in use, a vapour sample to be
analysed. The AAS may then measure the concentration of one or more

elements comprising the vapour sample.

The AAS may include an electronic processor. The control module
210 may be a conceptual module which corresponds to a functional task
performed by the processor. The AAS may include a machine-readable
medium, main memory, and/or a hard disk drive, which carries a set of
instructions to direct the operation of the processor, the set of instructions for

example being in the form of a computer program.

215
The control module (or other controller operatively connected to the
array of pixels) may be operable to take a measurement from the array of
pixels at a plurality of periodic time intervals, e.g. 4 ms, for a pre-defined or
pre-definable period, e.g. 1 sto 3 s.
220

It is to be understood that the processor may be one or more
microprocessors, controllers, digital signal processors (DSPs), or any other
suitable computing device, resource, hardware, software, or embedded logic.
It is also to be understood that the control module need not necessarily be
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225 consolidated into the same device as the EM radiation emitter and the
detector arrangement. For example, the control module may be hosted by a
remote computer which is connectable to the device housing the EM radiation
emitter and the detector arrangement.

230 Accordingly, the invention extends to an AAS system which
includes:
an AAS device which includes
an electromagnetic (EM) radiation emitter operable to emit a
radiation continuum across a broad spectrum;

235 a detector arrangement including a spectrograph and an array of
photo-sensitive pixels, the spectrograph being operable to spread EM
radiation across substantially the entire broad spectrum at once to the array of
pixels to measure radiation across substantially the entire broad spectrum;
and

240 an electro-thermal atomiser operable to vaporise an analyte; and

a computer in communication with the AAS device, the computer being
operable to receive from the AAS device a communication indicative of
measured radiation and including a control module operable to calculate and
linearise absorbance based on the measured radiation.

245
The control module (whether part of the AAS defined above or part
of the AAS system defined above) may be operable to calculate absorbance
from the radiation measured by respective pixels. More particularly, the
control module may be operable to square respective calculated absorbances
250 and to sum the squared absorbances (see equation (11) below) to provide an

indication of concentration of an analyte within a sample in the atomiser.

The control module may be configured to apply at least one of the
equations (or mathematical equivalents thereof) selected from the group
255 composed of equations (10) to (17) defined below.
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The definition and description of the invention assumes a high
degree of atomisation and similar residence time of atoms evolved from the
sample and reference material in the absorption volume.

260

The array of pixels may be a provided by one selected from the
group comprising a Charge Coupled Device (CCD) array (or at least be
connected to a CCD arrangement) and a Diode Array Detector.
Contemporary linear CCD array may consist of about 4000 pixels, which can

265 be scanned into memory of the computer every 4 ms [7]. This frequency is
sufficient for detecting an atomisation pulse.

If the continuum light source provides high enough light output, and
the CCD array of pixels (in accordance with the invention) may detect the
270 entire spectrum in the 200 nm to 400 nm range, the wavelength increment
would be 0.05 nm per pixel, that is more than 25 times higher than that in HR
CS AAS described above (in accordance with the prior art).

According to another aspect of the invention, there is provided a
275 method of atomic absorption spectrometry, the method including:
directing an EM radiation emitter at a vapour sample to be analysed, the
emitter being operable to emit EM radiation across a broad spectrum;
spreading substantially the entire broad spectrum at once across an
array of pixels,
280 measuring radiation received by the array of pixels across substantially
the entire broad spectrum; and
calculating and linearising absorbance based on the measured radiation.

The method may include pulse-vaporisation and atomisation of the
285 sample.

The method may include summing a plurality of sequential
linearised absorbances to determine, or at least provide an indication, of the
amount of an element in a sample.

290
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The calculation and linearising of the absorbance and summation
of the linearised absorbance may be done automatically and electronically, for
example by a control module as defined above. At least some of the method
steps may be repeated periodically at intervals (e.g. 10 ms) for a duration of

295 an atomisation pulse (e.g. 1 s to 3 s). The method may include a prior step of

analysing a reference sample.

The calculation, linearising and summing may be done in

accordance with at least one of the equations (or mathematical equivalents

300 thereof) selected from the group composed of equations (10) to (17) defined
below.

The invention extends to a machine-readable medium having
stored thereon a set of instructions which, when executed by a machine,
305 causes the machine to perform a method as above defined.

Without wishing to be bound by theory, the Inventor puts forward
the following. Reduction of the resolution of a spectral instrument causes
broadening of the absorption line. The resulting wavelength distribution

310 A', (A)is determined by convolution of the line profile A,(1) at given

experimental conditions and instrumental transmittance profile F(A),
A, (D)= [FAAMA-A)d . (6)

If the line half width is small in comparison with the half width of the
instrumental profile (that is correct for low resolution instruments normally

315 used in atomic spectrometry), then
A, ()< F(A)- jAt (ANdA'=FA)-S,, (7)
where
S, =[A A, (8)
A

comes from properties of the convolution [8]. Therefore, at any point of the
320 resulting profile, absorbance should be proportional to the wavelength
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integrated absorbance S,. The absorbance maximum should be reduced,

compared to that for HR instrument, approximately proportional to the
respective resolution ratio, depending on the half width of the instrumental
transmittance profile F(A). Accordingly, a higher amount of the analyte
325 should be introduced in the atomiser of the low resolution instrument to obtain

measurable signals.

High vapour density, in turn, creates additional obstacle for the
element determination with a continuum light source, indicated in the theory
330 and experiment [3, 9]. The vaporisation of large amounts of the analyte is

accompanied by change of function §, vs.N,: above some absorption level,
the alteration from S, =< N, to S, x\/ﬁ, occurs. The inflection point of the
respective functions depends on individual characteristics of the atomic line;
the combined function §, = f(N,) cannot be quantitatively predicted [3]. This
335 uncertainty does not allow using of temporal integration A', (1) (according to

equation (1)) for quantification of the absorption measurements.

If it is assumed that a high density of atomic vapour in the atomiser
is provided, e.g. on account of large sample mass or instant sample

340 vaporisation, then only part of the combined function, which is S, «<./N, ,

remains significant. This assumption makes basis for the following statement:
if high density of atomic vapour in the absorption volume is provided, then
equation

N, =<[A (D] (9)

345 should be correct for the absorption lines of the analyte.

For the low resolution AAS with CCD detection, linearisation (9)
can be automatically introduced into the absorbance data for each pixel p,.
Then, the pixel corresponding to absorption maximum, p, , or any linear

350 combination of pixels within the broadened by instrument line profile, can be

used for characterisation of atomic vapour content in the absorption volume.
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The linearisation (9), however, should not be applied directly for low signals
overlapped by short noise, since it would transform all negative oscillations
around the baseline into positive causing accumulation of integration error. To

355 avoid this complication, the modification of equation (9),
N,=a, [A(p;,m)* - signlA'(p,,n)] (10)
is suggested, where sign is a function equal to +1 or -1, if A'(p,,n) > or < 0,
respectively, and a, is a sensitivity coefficient for the particular pixel. For the

signals above the noise level, (10) is equal to (9). Otherwise, short noise
360 causes random deviations similar to that in the traditional or HR-CS ETAAS.

In the absence of non-specific spectral background, the amount of

a particular element N,, in the sample can be found using linearisation (10)

and summation of absorbance data at absorption maximum (at the pixel p,, ),
0 1 2 . 1
365 NOe :ae(pﬂm)'f_'z{[Ae (pﬂm’n)] 'Slgn[Ae (pﬂm’n)]} (11)

where 7. is residence time of atoms of a particular element in the absorption
volume. Thus, the A, '(p,,,n) data obtained during sample vaporisation, and

the set of respective coefficients a, (p ﬂm)-i determined by calibration, should
T

e

permit simultaneous determination of several elements.

370
If atomic spectrum is overlapped by non-specific attenuation of
light, the output of the pixels at the centre of atomic line, I(p,,.n), should be
corrected to discard the non-specific constituent. This can be performed under
the suggestion that the fine structure of the molecular bands, possibly
375 overlapping atomic absorption line, is not resolved and other sources of

background produce an absorption continuum. Under those conditions, BG
correction can be performed using the admission that average output

I(p,,..-n) Of pixels p, .. and p, , on the distance A from p, within the

line profile is equal to 1,(p,,,n). Thus, BG corrected absorbance

380 AP st =108 (P gens ) 11, (P 2101 (12)
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can be used in the linearisation and temporal summation, similar to (10) and

(11),

N, o< [Ae(p I - signAe(p,, . n) (13)
and
385 N,, = ae(pﬂm)~fi~2{[ze(pﬂm,n)]2 -sign[A.(p, M1} (14)

If, in some possible cases, the overlapping of the absorption lines
of different elements cannot be neglected, a correction algorithm based on
linearity of function (9) for any pixel within the absorption line profile should be

390 introduced. For example, in a case of two overlapping line profiles, belonging

to elements ¢l and ¢2 with maximums at pixels p,, and p, ., respective
contents of the elements N, and N, can be presented via system of linear

equations

0 1 -1 1 2 e A
[(ag1(p4m1)'_)]7 'N01+[(agz(p/1ml)'z_i)] 'NOZZZ[A(pMUn)] 'Slgn[A(Pm19n)] (15)

el e2

395 [(agl(p/bnz) ';)]71 : N01 + [(agz(p/imz) 'i)]71 : Noz = Z[Z(Pgmz’n)]z : Slgn[Z(Pgmpn)] (1 6)

el e2 n

Similar systems of ¢ equations for ¢ elements and ¢ pixels can be

solved numerically using, e.g. matrix inversion method [10]. The solution

matrix is to be obtained by multiplication the matrix C of summations

400 S AP 4y W) - signl A(p,,,»m)) for each pixel from p,, to p,,. by the inverse
. . aeq(pﬂml+q) . .
matrix A of coefficients———-, determined independently for each
Teq
element from ¢, to ¢,
X=A"-C. (17)
405 An AAS in accordance with the invention provides true

simultaneous multi-element determination using a low resolution CCD
spectrometer, which broadens the absorption lines more than 10-20 times
compared to natural line width at the ET vaporisation experimental conditions.
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The determination of several elements may be performed using the
410 information obtained during sample vaporisation within a single run of

temperature programme and calibration data obtained independently.

BRIEF DESCRIPTION OF DRAWINGS
415
The invention will now be further described, by way of example,
with reference to the accompanying diagrammatic drawings.

In the Drawings,

420 Figure 1 shows a schematic view of an AAS system in accordance with
the invention;

Figure 2 shows a flowchart of a method in accordance with the invention;

Figures 3 and 4 show, respectively, the measured CCD output and peak
atomic absorption for the sampled solution 10 ppm Ag and 5 ppm Na and Mg

425 in water;

Figure 5 shows absorption spectrum corresponding to Figure 3 after
linearisation of the measurements according to equation (10);

Figure 6 shows profile of absorption line Ag 328.068 before and after
linearisation of the measurements (a and b, respectively);

430 Figure 7 shows Ag atomic absorption pulse before and after linearisation
(a and b, respectively);

Figure 8 shows integrated absorbance for 64 ppb (parts per billion) Mn
and the highlighted pixels used for background correction according to
equations (12) and (14), where A=2;

435 Figures 9A and 9B show Mn (64 ppb) atomic absorption at Mn 279.482
nm spectral line calculated according to equations (12) and (14) without (A)
and with (B) correction to short noise;

Figure 10 shows spectrum of integrated linearised absorbances for the
solution 8 ppm (part per million) Ag, Bi, Cd, Ga, In, Mn, Mg, Na, K, Pb and TI;

440 and
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Figures 11 and 12 show the determination ranges for Cd, Ga, In, Tl and
Ag, Bi, Mn, Pb, respectively, in the mixed solutions of equal amounts of Ag,
Bi, Cd, Ga, In, Mn, Mg, Na, K, Pb, and TI.

445
DETAILED DESCRIPTION OF EXAMPLE

Referring to Figure 1, reference numeral 100 generally indicates an

AAS system in accordance with the invention. The AAS system 100

450 comprises an AAS device 102 and a computer 120 operatively connected to
the AAS device 102 via a communication link 112.

The AAS device 102 has a light source 104 which is operable to

emit EM radiation having a continuum spectrum in a range, for example, 200

455 nm to 400 nm. The radiation is directed at an absorption cavity of an atomiser

106. The atomiser 106 includes a graphite furnace (not illustrated) to vaporise

a sample. Once the radiation has passed through the absorption cavity, it is

directed to a spectrometer 108 which spreads the entire broad spectrum at

once across an array of pixels 110. The array of CCD pixels 110

460 communicates information indicative of measured radiation across the
communication link 112 to the computer 120.

The computer 120 has a processor 122 and a memory module 126.

The processor 122 has a control module 124 which is operable to calculate

465 and linearise absorption based on radiation measurements using the array of

pixels 110 in accordance with equations 128 stored on the memory module

126. The equations 128 for example are equations (10) to (17) defined

above. The computer 120 further has a display 130 which is operable to

provide an indication to a user of the system 100 of the elements determined

470 by the control module 124 to be present in the sample as indicated by
equations 128.

Referring now to Figure 2, a high-level flow diagram illustrates a
method of atomic absorption spectrometry indicated by reference numeral
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475 200. The method 200 includes directing, at block 202, EM radiation having
continuous broad spectrum at a sample to be analysed. Once the radiation
has passed through the sample vapour, the entire radiation is spread, at block
204, at once across an array of pixels. The radiation received by the array of
pixels is measured, at block 206, across the entire broad spectrum and the

480 amount of radiation measured by each pixel is processed, at block 208, for
example using equations (10) to (17) defined above, to calculate absorbance
which is then linearised and summed.

The elemental composition of the sample is then displayed, at
485 block 210. If desired, a reference sample can be analysed, at block 201, for
calibration purposes.
The method 200 may conveniently be implemented on the system
100, although its application is not necessarily limited to such a system.
490

EXPERIMENT

495 Instrumentation and procedure

The experiments were performed using an Ocean Optics HR4000
spectrometer (the abbreviation HR in the sense of “high resolution” is used by
the manufacturer as a trademark for a specific type of Ocean Optics
instruments; it should not be confused with the corresponding term employed

500 in this specification) equipped with a grating 1200 grooves per mm and 5 um
spectral slit; and coupled with a xenon arc lamp (L 2479, 300 W, Hamamatsu,
Japan) and a fast heated ballast furnace atomiser [11]. The spectra within
190 nm to 410 nm wavelength area were registered using Toshiba 3680
pixels CCD and a PC (analogous to the computer 120 of Figure 1). The
505 design of the atomiser and respective power supply provided a heating rate of
the furnace 10 K/ms and temperature stabilisation at the pre-set level; the
ballast delayed the vaporization of the analyte thus providing vapour enter in
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the absorption volume at high temperature. Optimal sampling volume for the
fast heated ballast atomiser was 10 uL.
510
The measurements included two runs of temperature program
(refer to Table 1) with and without sampling the sample solution, specira
acquisition during the atomisation step, and sequential transfer of the CCD

outputs with and without sample (/(p,n) and I,(p,n), respectively) to

515 Microsoft Excel worksheets. The number of spectra collected during the
atomisation step that is 80, was limited by Excel software. Maximal size of

each I(p,n), I,(p,n) Excel worksheet was 3680x80 cells; of that number

18x80 cells were used for automatic correction of dark current.

520 In the first set of experiments, the evolution of atomic absorption
spectra of 10 ppm Ag, Bi, Cd, Ga, In, Mg, Mn, Na, K, Pb and Tl were
registered during the vaporisation of individual analytes, the suggested
calculation algorithm investigated and calibration maitrix A (see equation 17)
composed. In the second set, absorption spectra from the mixed solutions of

525 the same elements were detected, determination range and limit of detection
for each element in the mixture determined. Volatile elements were chosen
for the experiments to avoid possible “memory” effects after sampling high
concentrations of the analytes. However, to eliminate “memory”, additional
cleaning of the atomiser from the remnants of samples was performed by 3 to

530 4 runs of temperature programme between the measurements. Relatively
rare elements Ag, Bi, Cd, Ga, In, Mn, Pb and Tl were chosen in order to avoid
non-controllable contamination of the solutions. Mg, Na and K were added to

the list as most characteristic components of environmental samples.

535 Spectral distribution of electric output from the CCD pixels during
one of the scans within the atomisation cycle of Ag is shown in Figure 3: two
absorption lines, Ag 328.068 and 338.289 [4] appear simultaneously with
absorption at Mg and Na lines caused by contaminations. The data obtained

from both blank, 7,(p,n), and sample, I(p,n), measurements were used for

540 absorbance calculation, A'(p,n)=LOG(,(p,n)/I(p,n)). The absorption
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spectrum corresponding to the radiation spectrum, Figure 3, is shown in

Figure 4. All above mentioned atomic lines are present in the absorption.

Intense short noise in the short wavelength area is caused by low radiation

output of the Xe lamp and sensitivity of the CCD detector in this wavelength
545 region.

The spectrum reported in Figure 4, after linearisation of the
measurements according to equation (9), is shown in Figure 5 as “linearised
absorbance”. Squaring of the absorbance for each pixel resulted in substantial

550 reduction of signal to noise ratio (Figure 5), reduction of half width of the
absorption lines and absorption pulses, as it is shown in Figures 6 and 7, for
Ag.

It was confirmed that the use of blank measurements for absorption
555 calculation could cause an integration error because of relatively slow
deviations of radiation flux from the lamp. This issue is illustrated by Figure 8
where three Mn absorption lines are present in the temporary integrated
spectrum together with absorption continuum. Apparently, in practise, similar
background can be caused by overlapping of atomic spectrum and molecular
560 absorption continuum from specific matrices. The error can be eliminated or
at least reduced by using equations (12) and (14), for background correction,
where A depends on specific line. In the example, Figure 8, for the line Mn
279.482 nm parameter A is selected equal to 2 and the pixels equidistant from
the central one are highlighted).

565
Reduction of concentration of the analytes in the sampled solution
is accompanied by increase of contribution of short noise in the integrated
linearised absorbance for any element to be determined. For small signals,
the linearisation of measurements by simple squaring, according to equation
570 (10), becomes improper: all statistical deviations of signal around zero line

after squaring become positive (Figure 9A). The use of function SIGN, in
equations (13) and (14), eliminates the error and restores statistical character

of noise.
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575 The spectrum of integrated linearised absorbance for the mixed
samples calculated according to equation (14) includes 1 to 3 of the most
sensitive resonance line of each element (Figure 10). Variation of mixed
sample composition from 200 ppm to 2.5 ppb of Ag, Bi, Cd, Ga, In, Mn, Pb
and TI outlines the determination range for each metal with the lines in Figure

580 10. The respective calibration curves appeared to be linear within 4.5 to 5
orders of magnitude (Figures 11 and 12). The limitation at low concentrations,
most probably, relates to the residual “memory” effect that can be further
reduced by optimisation of the atomiser and temperature program.

585 The linearity of calibration curves (Figures 11 and 12) permitted the
evaluation of determination sensitivity using the data for individual elements,
and calculation of limits of detection (LOD). Respective data for the lines in
Figure 10 are presented in Table 2, where the units (absorbance)? x s/ng are
employed for sensitivity characterisation. To avoid overestimation LOD, the

590 ballast furnace with residual “memory” (already exposed to more than 400
runs of a temperature programme with various concentrations of analyte) was
employed; blank measurements were repeated 10 times. For each analytical
line, standard deviation (STDEV) of integrated linearised absorption was
calculated, and the value 3 (STDEV) normalised to the sensitivity data was

595 taken as LOD. The data on LOD for flame atomic absorption from “Varian
guide to ICP/AAS analytical values” [12] are reported in Table 2 for
comparison. The comparison shows that, in general, simultaneous ETAAS
provides limits of detection similar to those of sequential flame AAS. LOD for
Cd and Pb, for simultaneous ETAAS, are poorer than in flame AAS because

600 of low radiation from the lamp in short wavelength area (Figure 3).

Although all main analytical lines in the diagram, Figure 10, are

resolved, possible superposition of less sensitive lines should not be ignored.

To provide necessary correction, the reference data matrix A (see equations

605 15 to 17) is to be composed from the measurement data for each single

element. According to the requirements of matrix inversion method [10], only
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one line of each element could be presented in the reference maitrix. The
example of matrix composed for the constituents of the tested mixture is
presented in Table 3. The diagonal members of the matrix characterise the
610 determination sensitivity at most sensitive for each particular element

wavelengths (Table 2, column 3).

The information regarding atomic absorption of each element in the
sample compiled data matrix Cin Table3; the solution of 2.5 ppm Ag, Mn, Pb
615 and Tl was employed as a test sample. The multiplication of the inversed
matrix A by matrix C gives the resulting matrix X. In the example (Table 3)
the determination results for all four metals are very close to the known
concentrations that points out to the absence or efficient correction of spectral
interferences.
620
Conclusion
The example shows that the invention provides the methodology of
fast simultaneous determination of plurality of elements within broad
concentration range and limits of detection close to those in traditional flame
625 atomic absorption spectrometry with sequential determination of elements.

The concentration range can be still enlarged and limits of
detection reduced an account of radiation source, more efficient in the short
wavelength area (e.g. similar to that used in HR CS AAS [4]) and increase of

630 data collection frequency using special software. The determination errors
caused by residual memory can be reduced by optimisation of temperature
program and gas flow during the cleaning step.

The most probable application, as it is seen from the determination

635 range, is in the field where a flame AAS is still extensively used. Apart of
dramatic reduction of determination time, the analytical advantages
characteristic for ET AAS, e.g., related to matrix modification, thermal pre-

treatment of the sample and temporal separation of interfering spectra should

also attract attention to the invention. The substitution of flame to

640 electrothermal atomisation should also permit getting rid of specific safety
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problems connected with storage and use of flammable gases and open the

way to miniaturisation of the AAS instrumentation.
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Table 1. Temperature program used for simultaneous ET AAS determination in the
fast heated ballast furnace

Step Temperature, Ramp time, s | Hold time, s Gas*, L/min
°C

drying 100 5 15 0.5

Pyrolysis 1 500 5 15 0.5

Pyrolysis 2 500 1 1 0

Vaporization 2400 0 2 0

Cleaning 2600 1 2 0.5

* Argon flow near the ends of the furnace

Table 2. Determination sensitivity and limits of detection for simultaneous ET AAS.

Line, Sensitivity | 3 STDEV* | LOD, LOD**, | LOD***,
Element | nm (A%s)/ng | A% ng ug/L ug/L
Ag 328.068 0.45 0.037 0.082 8.2 2
Ag 338.289 0.26 0.023 0.089 9
Bi 306.772 0.074 0.013 0.175 17.5 50
Cd 228.802 1.32 0.174 0.132 13.2 2
Ga 294.364 1.0 0.026 0.026 2.6 100
Ga 287.424 0.45 0.005 0.011 1.1
Ga 403.299 0.25 0.004 0.016 1.6
In 303.936 0.64 0.029 0.045 4.5 40
In 325.609 0.33 0.007 0.021 2
In 410.176 0.47 0.057 0.12 12
Mn 279.482 0.96 0.054 0.056 5.6 2
Pb 283.306 0.16 0.027 0.173 17
Pb 217.001 0.19 0.14 0.616 61.6 10
Tl 377.572 0.56 0.029 0.052 5.2
Tl 276.787 0.59 0.039 0.066 6.6 16
Tl 237.958 0.18 0.03 0.162 16.2

* - Standard deviation measured for 10 blank runs of temperature program, Table 1

in the furnace exposed to more than 400 measurements.
**-10 wl sampling
*** - the data for sequential determination in flame AAS [12]
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CLAIMS

1. An atomic absorption spectrometer (AAS) which includes:

an electromagnetic (EM) radiation emitter operable to emit a radiation continuum
across a broad spectrum;

a detector arrangement including a spectrograph and an array of photo-sensitive
pixels, the spectrograph being operable to spread EM radiation across the entire broad
spectrum at once to the array of pixels to measure radiation across the entire broad
spectrum;

an electro-thermal atomiser operable to vaporise an analyte; and

a control module operable to calculate and linearise the function of absorbance
against concentration of the analyte vapour in the atomiser based on the measured

radiation.
2. An AAS as claimed in claim 1, which is a low resolution, wide spectrum AAS.
3. An AAS as claimed in claim 1 or claim 2, in which the pixel array includes

between 2000 and 4000 pixels.

4. An AAS as claimed in any of the preceding claims, in which the EM radiation

emitter includes a single continuum light source.

5. An AAS as claimed in claim 4, in which the single continuum light source has
a broad emission spectrum of at least 200 nm to 400 nm.

6. An AAS as claimed in any of the preceding claims, in which the spectrograph
is configured to spread the entire broad spectrum across the pixel array in relatively

large increments per pixel.

7. An AAS as claimed in any of the preceding claims, which includes a
processor and in which the control module is a conceptual module which corresponds to
a functional task performed by the processor.
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8. An AAS as claimed in claim 7, which includes a machine-readable medium
which carries a set of instructions to direct the operation of the processor.

9. An AAS as claimed in any of the preceding claims, in which the control
module is operable to take a measurement from the array of pixels at a plurality of
periodic time intervals for a pre-defined or pre-definable period.

10. An AAS system which includes:
an AAS device which includes

an electromagnetic (EM) radiation emitter operable to emit a radiation
continuum across a broad spectrum;

a detector arrangement including a spectrograph and an array of photo-
sensitive pixels, the spectrograph being operable to spread EM radiation across the
entire broad spectrum at once to the array of pixels to measure radiation across the
entire broad spectrum; and

an electro-thermal atomiser operable to vaporise an analyte; and

a computer in communication with the AAS device, the computer being operable
to receive from the AAS device a communication indicative of measured radiation and
including a control module operable to calculate and linearise absorbance based on the

measured radiation.

11. An AAS system as claimed in claim 10, in which the control module is
operable to calculate absorbance from the radiation measured by respective pixels.

12. An AAS system as claimed in claim 11, in which the control module is
operable to square respective calculated absorbances and to sum the squared
absorbances to provide an indication of concentration of an analyte within a sample in

the atomiser.

13. An AAS system as claimed in any of claims 10 to 12 inclusive, in which the
control module is configured to apply at least one of the equations (or mathematical
equivalents thereof) selected from the group composed of:

N, =a, -[A(py.m)]" - sign[A'(p,,n)]l;
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0 2 . 1
N, :ae(PAm)'T_'Z{[Ae'(pﬂm’n)] -signlA," (py,-1)1};

e

AP s1) =108LL(P ey TPy )]

N, o (APl - signAe(p,,m)

6 - 2 i TA
Noe:ae(sz)'T_'Z{[Ae(pM’n)] -8ign[Ac(p,.m]1};

e

1 0 -1 A 2 . A .
[(ael(piml)'z_i)r 'N01+[(agz(pim1)'z__)] 'Nozzz[A(pinmn)] -Sigh[ A(p 1,0, W]

el

[(a.y (P sn2) 'i)T1 “Noy +[(@ey (P ) 'i)T1 "Ny, = Z[Z(Pmp”)]z 'Sign[Z(PAmzm)] ; and

el e2

X=A"-C.

14. An AAS system as claimed in any of claims 10 to 13 inclusive, in which the
array of pixels is provided by one selected from the group comprising a Charge Coupled
Device (CCD) array and a Diode Array Detector.

15. A method of atomic absorption spectrometry, the method including:

directing an EM radiation emitter at a vapour sample to be analysed, the emitter
being operable to emit EM radiation across a broad spectrum;

spreading the entire broad spectrum at once across an array of pixels,

measuring radiation received by the array of pixels across the entire broad
spectrum; and

calculating and linearising absorbance based on the measured radiation.

16. A method as claimed in claim 15, which includes pulse-vaporisation and
atomisation of the sample.

17. A method as claimed in claim 15 or claim 16, which includes summing a
plurality of sequential linearised absorbances to determine, or at least provide an

indication, of the amount of an element in a sample.



WO 2009/090608 PCT/IB2009/050138

-28-

18. A method as claimed in claim 17, in which the calculation and linearising of
785 the absorbance and summation of the linearised absorbance is done automatically and
electronically.

19. A method as claimed in any of claims 15 to 18 inclusive, in which at least
some of the steps are repeated periodically at intervals for a duration of an atomisation
790 pulse.

20. A method as claimed in any of claims 15 to 19 inclusive, which includes a
prior step of analysing a reference sample.

795 21. A method as claimed in any of claims 15 to 19 inclusive, in which the
calculation, linearising and summing is done in accordance with at least one of the

equations (or mathematical equivalents thereof) selected from the group composed of:
N,=a,-[A'(p,.m) -sign[A'(p,,m];

N,, :ae<pﬂm>-,i'2{[A;<pﬂm,n)Jz signlA,'(p M1}

e

800 Ac(P 1) =108, (P 4y ) [ 1,(P 1y )]

N, o< [Ac(ps )T - signAe(p,,.m);

N, =a.(p,) '?'Z{[Ze(mm,n)]z -SignlAc(p 1}

e n

0 1 0 -1 > 2 . o .
(@, (Pa) —I 'N01+[(agz(pim1)'z__)] 'Nozzz[A(pinmn)] -Sign[ A(p .., M5

el e2

(@ (P ) I+ Ny +l(@ (D) N Ny = S A 0 ) - 5ignl A )] @ND

el e2

805 X=A"-C.

22. A machine-readable medium having stored thereon a set of instructions
which, when executed by a machine, causes the machine to perform a method as
claimed in any of claims 15 to 21 inclusive.
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