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ABSTRACT 

A commercial, double-beam atomic absorption spectrophotometer has been interfaced with 
a sample changer and a Hewlett-Packard 981 OA calculator to yield a completely automated 
analysis system. The interface electronics can be easily constructed and should be adaptable 
to any double-beam atomic absorption instrument. The calculator is easily programmed and 
can be used for general laboratory purposes when not operating the instrument. The 
automated system has been shown to perform very satisfactorily when operated unattended 
to analyze a large number of samples. Performance statistics agree well with a manually 
operated instrument. 

I 
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SUMMARY 

A programmable desk calculator has been interfaced with a double-beam atomic 
absorption spectrophotometer and a mechanical sample changer to provide automated 

·analysis by either flame emission or atomic absorption. The calculator controls the 
spectrophotometer and sample changer during analysis, makes a second-order, least-squares 
fit to the computed absorbance or emission of standards, and then calculates the 
concentration of each sample. The analog signal from the photomultiplier of the 
spectrophotometer is synchronously demodulated into dark current, reference, and 
measure components (or only the measure component in the emission mode). These 
signals are then respectively integrated. The calculator reads the output of each integrator 
with an analog-digital converter and then computes the absorh<mce <md concentration of 
the sample. 

· Application of the spectrophotometer can be made to analyze industrial process water, 
environm~ntal water, and alloys. Analytical results and precision compare favorably with 
results obtained by manual operation of the instrument. 

.. 
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INTRODUCTION 

The atomic absorption/calculator system described in this document aros~ from a need at 
the Oak Ridge Y-12 Plant(a) to improve the performance of a Jarrell-Ash Model 810 
atomic absorption spectrophotometer through automation. Previous work on the 
automation of commercial atomic absorption instruments has used digital computers for 
instrument control and data processing. (1 ,2) Although both a minicomputer and a 
Hewlett-Packard 981 OA calculator were available, the calculator was selected for use. Ease 
in programming the calculator and in making the necessary program changes compared to 
digital computer programming was the principal reason for making the choice. Also, when 
not controlling the instrument, the calculator is available for ordinary laboratory 
computations. 

(a) Operated by the Union Carbide Corporation's Nuclear Division for the US Energy 
Research and Development Adrninislration. 
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AN AUTOMATED ATOMIC ABSORPTION SPECTROPHOTOMETER 

EXPERIMENTAL WORK 

In developing a design approach; the extent to which the Jarrell-Ash electronics would be 
utilized by the automated instrument was first established. Use of both channels of the 
dual-channel, double-beam spectrophotometer was never considered, since only Channel A 
permits a manual control of the photomultiplier high voltage. While the Model 810 
spectrophotometer does have an internal auto-zero feature, it was felt that a more stable 
system could be devised if the analog signal were allowed to "float" and to perform all 
~ignal conditioning within the programmable calculator. In addition, the calculator was 
utilized for taking logarithms, thereby eliminating the inherent Inaccuracy uf a 
logarithmic electronic amplifier. The statistrcal-analysls CCIIJalJiliLie::. of the calculator 
would permit a more accurate approach to correcting the nonlinear absorbance function 
sometimes encountered. As a result of these design criteria, the only Jarrell-Ash 
electronics utilized are the Channel A photomultiplier and its high-voltage power supply. 

AutomDtion of the atomic absorption spectrophotometer to collecl and process dDta, to 
print the analytical result, and to change samples, all with no operator attention, required 
construction of an interface unit. With this interface, the calculator effectively controls 
the automatic sample changer and the atomic absorption instrument. A block diagram 
showing the interface electronics, the calculator, and the sample changer is presented in 
FigiHe 1. 

Effective automation of the spectrophotometer required the use ot a sample dlaii!:J~' that 
could accommodate ur to 150 samples plus the standards. The Gilson Mudical Electronics 
Model SC.1 R r.hnnger was selected. Individual trrrrers are provided fu1 both the somplo and 
rinse cycles. The unit was modified to permit on-line control by the progrollllnable 
calculator. 

The heart of the control and data processing system is a Hewlett-Packard Model 9810A 
programmabiP. r.Riculator. This CDiculator is equipped with 500 proqram steps, 51 data 
storage registers, a thermal printer, a statrstics read orrly rnernory (ROM), CIIH..l .::. 

paper-tape reader. The programming lurryuage is neverse Pnli:.h Notation. 

A block diagram of the electronics system is rncluded in Figure 1. On the extreme left is 
the photomultiplier tube and the associaleu slynal waveform. Bt:Hitl8th the photnmrJitiplier 
waveform are shown the synchronization signals representing the photomultiplier dark 
current, the reference bearn, and the measure beam. These synchronization si!=)nals are 
developed within the spectrophotometer and are related to modulation of the hollow 
cathode lamp and to the beam chopper. 

The output of the photomultiplier is fed to a preamplifier with high-input impedance and 
an extremely low input bias current. The preamplifier output is then applied to three 
matched integrators. The integrators make use of chopper-stabliized operational amplifiers 
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Figure 1. PRINCIPAL COMPONENTS OF THE AUTOMATED ATOMIC ABSORPTION 
SPECTROPHOTOMETER SYSTEM. 
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and low-leakage polystyrene capacitors. Solid-state switches are used to synchronously 

demodulate the input to the integrators such that ea<;:h of the three signals of interest are 
summed in separate integrators. The output of the integrators is selectively applied to a 
digital voltmeter, which has binary coded decimal (BCD) outputs for input to the 
calculator. 

As is shown in the diagram, the calculator has a standard BCD interface to the voltmeter, 

a standard interfnce to the paper-tape reader, and a universal transistor transistor logic 
(TTL) interface to the control logic which was designed for this application. The 
calculator can ·independently address either of these interface .lines. The Gilson sample 

changer 1s operated by the calculator through the control loyic i11LLJ1 r8ce. 

Data are taken by the calculator in the following manner: Under program control, and 
"integrate" command is given. The three synchronization signals are gated by the control 

logic and applied to the input solid-state switches. After 400 reference synchronization 
pulses have accumulated in a digital counter, a flag is returned to the calculator, signaling 

the end of integration. The calculator then sequentially gates the· integrator outputs 
to the voltmeter aiiU lilt: voiLIYieter readings are stored in memory registers. The 
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calculator may then reset the integrators, change to the next sample, and read 
sample identification information from the paper tape. 

Data input to the calculator in this manner may be handled in various ways. For a typical 
flame absorption program, the three equations shown in Figure 2 apply. Equation 1 
demonstrates how an effective auto zero is 
accomplished within the calculator. During 1. 

the rinse cycle before each sample, an 
integration is made while aspirating water. 
The dark current is subtracted from both 

R-D 
K = -- , when Aspirating Water, 

the measure and reference beam signals, 
and a rat1o 1s taken which represents the 
relative intensity of the two beams. The 
resulting constant, K, is a gain factor 
which must be applied to the measure 
beam signal when analyzing the following 
sample. Any drift in the instrument 
parameters that affect only the measure 
beam, and consequently the instrument 
zero, is effectively compensated for by 
determining this factor before each sample 
adjustment of the instrument zero. 

M-D 

Where: R 
M 
D 

'2. ABS = loglO 

Represents the Reference Beam Intensity, 
the Measure Beam Intensity, and 
the Dark Current. 

R-D 

K (M-D) 

3. Concentration = A (ABS)
2 

+ B (ABS) + C. 

Figure 2. EQUATIONS USED FOR ANALYSIS CALCU­
LATIONS. 

analysis, thereby resulting in an automatic 

When aspirating the sample, Equation 2 is applied to determine absorbance (ABS) of the 
samr-.>le. As shown in the equation, the prev1ously determined gain factor (K) is applied to 
the measure beam signal. The equation represents the logarithm of the ratio of incident 
energy to transrn itted ener ~Y. 

Preceding each series of samples, a group of standards are analyzed. The calculator 
performs a second-order, least-squares fit of concentration to absorbance, thereby 
producing the coefficients (A, B, and C) of Equation 3. This equation is then used to 
calculate the concentration of all subsequent samples. 

OPERATION OF THE SYSTEM 

Figure 3 is a photograph of the complete system. The sample changer, calculator, and 
paper-tape reader are shown positioner! in frnnt of the .Jarrell-Ash (n::;trurnent. Tho 
interface module is located on top of the monochromator section of the instrument. 

To operate the system, the Jarrell-Ash atomic absorption spectrophotometer is 
optimized, using the manufacturer's suggested operating r.onrlitinns for wavelength, 
lamp current, and spectral .slit width. The interface module is then connected to the 
instrument· and the photomultiplier voltage adjusted to bring the beam intensity meter 
on scale. With the interface selector switch in the "dark current" position, the meter is 
brought to a zero reading using the interface zero control. The meter is then made to 



158159 
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read in the mrddle of the red optimum zone when Lt1e selector switch is in the "measure" 
or "reference" posit ion by varying the ca librate control on the interface or by varying 
the photom ultiplier voltage. 

Standard solutions are loaded in consecutive order by using the first of the vials in the 

sample spool. The prepared samples are then loaded in the remaining vials with the check 
or control standard inserted after every fourth sample. From 100 to 150 samples can be 
accommodated on a single spool. 

The sample changer is positioned in front of the burner, the sampling pipet is connected 
to the burner atomizer, and a demineralrzed water lir1e is connected Lo Lhe 1 inse viJI. The 
sarnriP. srool is mounted on the changer and the first sample rotated into position. The 
sampling pipet rs lowered into the rinse vial and the sample and rinse Lirners set at five 
seconds each. The sample changer is now ready for an operating command from the 

ca leu lator. 

The master absorption (or emission) program card is read into the calculator, followed 
by a standard program card tor the partrcular standard series Lo l>e 1 urr. Tl1e IJd!Jt:r·tapc 
reader is loaded with a tape containing the sample identification numbers. 

Operation of the automatic atomic absorption spectrophotometer is initiated by the 
operator by pushing the "continue" button on the calculator. The pipet remarns in the 

rinse vral tor the rnrtral five seconds orr Lin~ Lir 1re1 diiU llren for an additional ::;even 
seconds while both beam intensities and dark current are integrated. After the calculator 
has received the net "zero" absorption data from the interface, it signals Lhe prpet to 
move to the vral contarnrng the firsT standard. Here il re111aill!> while the signals are ngnin 
integrated. The voltage readings are transmitted to the calculator and the calculator then 

signals the pipet to return to the rinse vial and the sample changer to advance the next 
vial into position. This process is then repeated until all standards have been aspirated. 
Then, the operator is signaled that calibration is complete. Finally, the calculator prinls 
out the calibration data. If a saLisfaclu1y Cdliur"ation is obtained, the operator pro~~e~ 

"continue" and t, hP. sample analysis commences. 

A typical calculator prrntout from a magnesium alralysis, uullr calibration and sample 
concentration results, is presented in Figure 4. 1 he first series of numbers shown are 
the magnesium concentrations (as the carbonate) in the standards. The check standard 
concentration is seen to be 60 ,ug/ml of the carbonate and a deviation of ± 15%, or 
9 ,ug/ml of the carbonate is allowed. The A, B, and C constants of the second-order 

equation are printed next. This calibration curve is seen to have a zero inlercept from the 
value of the C coefficient and has a degree of curvature as indicated by the A value. The 
computed correlation coefficient is probably the number of most significance to the analyst. 
It is a measure of how well the computed values of the standards fit about the calibration 
curve generated from the computed constants of the equation. 
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STD 
ASS SAMPLE ID 

LOAD CARD, TAPE CONC 
ASS 

STDS 
3.000 CONC 

3.000 0.005 10.000 
7.500 2.315 0.228 

30.000 7.500 95.122 
60.000 0.020 
90.000 8.248 12.000 

120.000 0.162 

150.000 30.000 66.261 
0.075 

13.000 
CHK STD 30.161 

0.273 
60.000 60.000 114.972 

DEV 0.146 . 
17.000 9.000 59.867 

A. 0.279 

S 90.000 117.838 

c 0.215 STD 

COR COEF 89.493 ASS 

112.193 120.000 CONC 

390.158 0.285 60.000 
0.304 120.633 0.150 

1.000 150.000 61.343 

0.348 SAMPLE ID 

149.784 ABS 
_CONC 

22.000 
0.003 
0.812 

Figure 4. A TYPICAL CALCULATOR PRINTOUT. (An Analysis for Magnesium) 

The known value of the. standard, its computed absorbance, and the computed 
concentration an'! printed next. At. this point, the system stops automatically after 
calibration. The laboratory analyst can examine the computed standard values along with 
the correlation coefficient and decide if an adequate calibration has been achieved. 

When the system is told to continue, it will print the sample identification number as read 
from the tape, the computed absorbance of the sample, and, in this case, the 
concentration of magnesium expressed as the carbonate. After four samples have been 
run, a check standard is analyzed. Known values of the check standard, the computed 
absorbance, and the determined concentration are printed. If these values are within 
the preset limits, the system will continue and analyze the next sample. When the 
preset deviation is exceeded, the system stops, the alarm sounds, and the operator 
must decide either to continue or to rccalibrate. 

RESULTS 

Figure 5 wovides a plot of magnesium concentration (as the carbonate) as a function 
of absorbance computed by the calculator. ThP. r.11r11e. is s9en to be 31ightly- i'lulilillt!C:H, 
btJt tits the known standard values very well. Calibration curves that do not follow 
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Beer's law can be used with this system up 
to absorption values of 95 to 98%. This 
provision is a considerable advantage over 
a manually operated instrument when 
burner-rotation and curve-correction elec­
tronics must be used. 

Results of analyzing a number of water 
samples for magnesium carbonate, using the 
automated atomic absorption instrument 
and ucing an in<>tnJment operated manually, 
;;1rP. inrlir.rJted bY lhe graph of Figure 6. The 
line represents a leas'l-SL.Juares fit through 
the data points. The unity slope indicates 
that there is an excellent agreement 
between the values obtained by the 
calculator-data system and the values 
oblained from the digital-concentration 
readout of the commercial atomic absorp­
tion instrument. 

A statistical comparison of data taken with 
the automated Jarrell-Ash instrument and 
with the same instrument operated manual­
ly was completed. The results of this sludy 
are reported in Table 1. The elements and 
the concentr<'ltion used are shown in the loft 
column. These standards were analyzed 
repetitively up to 20 times in a given run, 
using the Jarrell-Ash instrument in the 
automated and manual modes. The mean 
(X) and the percent relative standard 
deviation (RSD) of the mean e:H·e giv~n for 
the rliill!ts ohtained from manual and 

automated operation. Calcium was deter-

TablE' 1 
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~ / 
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0 ~· 
0 

I 

50 

-

-

I I 

100 150 

Mu!!n'i'!it•m rnnmmtrgtiQn, n< the Carbonate 
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Figure 5. CALIBRATION CURVE FOR MAGNESIUM. 
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Figup: 6. COMPARISON OF ANA,LYTICAL RESULTS. 

STATISTICAL COMPARISON OF ANALYTICAL RESULTS 
(Within-Run Precision and Accuracy) 

Operation Type 

Automat~d Manual 

Element X ·. ~ercent RSD X Percent RSD 

Ca (44.4 ~o~g/ml) 45.2 2.7 43.7 3.4 

Cu (2.0 ~o~g/ml) 1.99 1.0 1.89 2.6 
Fe (2.0 pg/ml) 1.95 1.9 1.97 1.0 

Mg ( 17.1 llQ/ml) 17.9 2.3 17.1 1.8 



13 

mined by flame emission while copper, iron, and magnesium were determined by atomic 
absorption. In all cases, the mean values are close to the kn_own concentration of the 
solution analyzed. There are no significant differences between the percent relative standard 
deviations of results. The automated system may be more precise for calcium analysis, but 
also may be less precise for determining iron. 
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