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ANALYSIS OF NATURAL WATERS WITH AN AUTOMATED INDUCTIVELY 

COUPLED PLASMA SPECTROMETER SYSTEM 

E. S. PECK, A. L. LANGHORST, JR. , D. W. O'BRIEN 

Lawrence Livermore Laboratory 
U n i v e r s i t y of C a l i f o r n i a 

P.O. Box 808, L-325 
Liver-more, Ca l i f o rn ia 94550 

A b s t r a c t 

A commercial ICP spectrometer system has been automated to provide unattended 
operation and data collection following initializing commands and loading of 
the sample changer. Automation is provided by a microcomputer which permits 
interconnection of a sample changer, a card reader, a high-speed printer 
ttrainal, a dual floppy disk drive, and the spectrometer's basic computer. 
Application of the system to the analysis of natural water samples is 
described. Accuracy and precision data both for short and long periods as 
determined with standard and reference water samples is presented. Analytical 
data presentation formats can be altered with the system. Some aspects of 
data handling and manipulation external to the system are outlined. 

"Work performed under tile auspices of the 
U.S. Department of Energy by the Lawrence 
Livermore Laboratory under contract number 
W-7405-ENG-48." 
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Introduction 

The analytical system that is described was developed at the Lawrence 
Livermore Laboratory as part of a nation-wide program to assess known and 
possible sources of uranium. 

This program requires analysis of several thousand surface-water and sed
iment samples for major, minor, and trace constituents by several instrumental 
methods. Those elements that behave geochemically like uranium serve as 
indicators in pattern-recognition studies that will be made after all the data 
are collected into a large data base. 

Multi-element analytical methods are most effective for a project of this 
size. At our laboratory we use neutron activation to analyze sediments and 
inductively coupled plasma (ICP) optical emission spectrometry to analyze 
surface water. The equipment is automated as much as possible to analyze 
samples rapidly. 

We adapted a comrnercially available ICP system to obtain the following 
objectives: 

• Minimum handling of samples. 
• Unattended operation. 
• Rapid sample throughput. 
• Automatic data storage. 
• Compatibility with other computer systems to permit data normalization 

externally. 
• Data tabulation options. 
We discuss our experience with the system and present sore data on the 

performance of the system. 
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Equ i pment 

Our system is centered around a Jarrell-Ash Model 975 Atomcomp Spectrometer 
with a PDP-8/E minicomputer and a plasma source (original equipment). The 
spectrometer is fitted with 47 channels covering 28 elements, three background 
channels, and a mercury alignment channel. Line selections were made for use 
with a D.C. arc source in addition to an ICP source, an 4 only 28 channels 
covering 24 elements are useful for ICP work. 

The working area is a clean room, but not in the strict sense. Disposable 
booties are worn in the room, and operations that create dust are not allowed. 
Samples for neutron activiation are also packaged in the room. 

Figure 1 illustrates the ICP system with modifications to use an LSI-11 
microcomputer to control accessories added to the original equipment. The 
original AR 33 teletype is replaced with a Decwriter III, which can type 120 
characters/second. The LSI-11 is located between the keyboard and the PDP-8/E 
and is essentially transparent to the original system; that is, although all 
commands go through the LSI-11, the Jarrell-Ash software has not been altered, 
and the same commands and I/O format are used as originally designed. The 
floppy disk drive, sample changer, card reader, and peristaltic pump are 
interfaced with the LSI-11 and do not communicate directly with the PDP-8/E or 
the terminal. 

The system as it is presently used consists of: 
<» Power source 
• ICP cabinet 

• Jarrell-Ash spectrometer 
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• Video terminal 
• PDP-8/E computer 

• LSI-H microcomputer 

• Dual disk drive 
• Keyboard terminal 

• 80-column card reader 

• Sample changer 
• Peristaltic pump 

A diagram of the sample flow system is given in Figure 2. The sample 
probe is first rinsed with water, and the rinse time is preset by keyboard 
command. We elected to use a peristaltic pump to move the sample (or rinse 
water) instead of pneumatic sampling, because the flow rate is then independent 
of hydraulic head and can be closely controlled. With pneumatic sampling, we 
found a 10% or greater variation in signal intensity from the sample with an 
8-cm difference in the height of the liquid. Also, use of a peristaltic 
pump eliminates the tedious step of pipetting a fixed sample volume. The pump 
speed is controlle. by the LSI-11 and delivers about 1.6ml/min when set at the 
rinse position. 

When the rinse time ends, the pump speed is changed by the LSI-11 control 
to a pre-set rate of 1.1ml /miri delivery. The sample probe moves to a sample 
in the sample chancer, and the sample is pumped through the nebulizer to the 
plasma torch. The LSI-11 measures a preset delay time to allow the sample 
aerosol to equilibrate in the nebulizer chamber and the plasma torch. At the 
end of this time the LSI-11 sends a message to the PDP-8/E, and sample exposure 

begins. (The sample changer is commercially available.) We have bypassed the 
timing mechanism and replaced it so that the changer operates in response to 
signals generated by the microcomputer. 
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\ 
\ Operation 
\ 

Both a manual and ar,̂  automatic mode of operation are available. In the 
p,..nual mode, the operator changes the samples and enters the command strings 
and sample identification through the terminal. 

To prepare for the automatic mode, we transfer samples and standards to 
polypropylene tubes and placed them in the flexible tube rack of the sample 
changer. A sample I.D. file is created on floppy disk from a punched card 
dfcck that lists the samples in their order in the changer. These cards also 
may contain dilution factors and descriptive remarks about the sample. The 
ICP program is called at the keyboard terminal, and ir. response to prompting, 
the operator enters the necessary parameters such as the output-file name, 
the rinse time desired, and the delay time needed to equilibrate the sample 
aerosol in the plasma. 

Finally, a command string is entered that specifies the number of exposures 
per sample and the output format desired. From this point, the analysis is under 
computer control and will operate unattended until the sample run is completed. 

A typical sample run consists of 60 samples and 11 check standards and is 
completed in three hours. We can analyze 120 samples per day, and when 
required, a third sample run can be started before the end of a normal working 
day. The night crew turns the power off at the end of the run. 

The data is now available as a file on floppy disk and/or as printed record. 
The video terminal monitors the output when the print option is not used. 

We insert a laboratory-prepared check standard containing low concentrations 
of all 24 elements at the beginning of each run and after every sixth sample. 
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At the end of a run we use the TECO editor program to tabulate the results of 
the check standard. This tabulation can be quickly scanned to detect any 
abnormal drift that may have occurred during the run. Using the TECQ editor, 
we tabulate the sample results to present to the customer. 

The tasks that we have assigned to the microcomputer are as follows: 
• Operate the ICP program, which includes the sample changer and the 

peristaltic pump. 
• Transfer the PDP-8/E output to the terminal and/or video console and/or 

floppy disk. 
• Move systems-operating files between PDP-8/E memory and the floppy disk, 

thereby replacing punched paper tape. 
e Transfer sample-header files from the card reader to floppy disk. 
• Insert sample identification intn the output record. 
• Operate TECO editing programs, which are used to tabulate the sample 

results and the check standards. 

Operating Parameters 

Some of the operating parameters routinely used in our procedure are: 
• Power: 1100 W at 27.12 MHz 
• Nebulizer: Cross-flow (Iowa State design). 
• Coolant gas: 18 1pm argon at 20 psi. 
• Sample gas: 0.5 1pm at 20 psi (maximum flow). 
• Sample flow: 1.1 ml/min using peristaltic pump. 
• Sample cycle:2.5 min/sample. 

Rinse time:!.25 min. 
Flush time:0.6 min. 
Exposure: 10 sec in triplicate, averages reported. 

• Slit-viewing position: 17 mm above coil. 
• Nitric acid is added to samples and standards to give a normality 

between 0.2 and 0.5. 
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C a 1i brat ion 

All channels are calibrated immediately before each sample run. Four 
standard solutions prepared in our laboratory are used to calibrate all 
elements at 10 ug/ml. Those elements that have a second channel are 
calibrated to cover a higher range. The Jarrell-Ash programs calculate 
the calibrations using the 2-point straight line method. Interelement 
interference is corrected by applying predetermined factors. Background 
is not corrected for our analysis of natural waters. The concentration range 
of most elements in these samples is rather small, and we feel that background 
corrections would be relatively trivial for this matrix. 

Results 

The detection limits that we have obtained with our system are given in 
Table 1. We have arbitrarily chosen four times the standard deviation of the 
matrix blank as the detection limit. 

We have compared our results with reference samples from the Environmental 
Protection Agency (EPA) and Environmental Research Associates Inc. Other than 
arsenic and low levels of aluminum, the analyses were in good agreement. 
Concentrations of some elements in these samples are quite close to the 
detection limits. These data are given in Table Z. 

Drift 

During a 3-h run, the system drifts on the order of 555, depending on the 
element. This drift is corrected off-line after the data is transfered from floppy 
disk to a CDC-7600 computer. 
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As mentioned earlier, the check standard is measured after every sixth 
sample. A normalization factor is generated for each element every time the 
check standard is analyzed. The factor is obtained by dividing the mean 
concentration of the element in the standard (stored in a computer look-up 
list) by the concentration of the element in the standard that is being 
measured. Elemental concentrations in this list are obtained by averaging 
the concentrations from first analysis of the check standard from 8 or 10 
runs conducted over several days. 

Data were normalized for drift correction by using the formula: 

C n o r m = Xst ^ 

where 

r norm = normalized concentration of the element in the sample. 
Xst = mean concentration of the element in the check standard. 
C = concentration of the element in the last check standard 

that was measured. 
C = apparent concentration of the element in the sample. 

The normalized concentration is the product of the factor times the 
apparent concentration of the element. This method of correction for drift 
not as precise as the use of an internal standard, but it is an attempt to 
correct for long-time drift without introducing an additional step in sample 
processing. 

Table 3 gives the results of a study of precision measured for a period 
of 10 days in which we calculated the mean concentration of the 24 elements 
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in the check standard. Of the 24 elements listed here, only Ca, Si, and Zn 
show relative deviations greater than 5%. We have since found sources of Ca 
and Zn contamination. These data indicate that our long term reDroducibility 
is quite good for most elements. 

At one time we observed large positive drifts of up to 30% for Li, Na, K, 
Ca, and Sr, while other elements in the check standard were exhibiting a 
negative drift during a 3-h period. The cause of this drift eluded us for some 
time, because we could not detect any change in sample flow, input power, or 
plasma position, and the nebulizer was apparently working normally. 

The problem was resolved when, at the suggestion of Ron Pungar of 
Jarrell-Ash, we changed nebulizer needles. On close inspection we found that 
the sample needle was cracked, but it was held in place by epoxy cement used 
to mount the needle. We suspect that a slight shift of the needle caused a 
change in the character of the aerosol, resulting in a lower temperature of 
the plasma, which favored the excitation of the alkalii and alkaline earth 
elements. 

Summary 

The system described has been in operation for several months and has 
performed adequately for the analysis of over 5000 filtered and acidified water 
samples. We have also analyzed geothermal brines after diluting to a level of less 
than ]% total dissolved solids. We would like to make a background correction 
for stray light interference. 

Table 4 gives a comparison of the results of atomic absorption (AA) and ICP 
analysis of a brine sample. The sample was diluted 50:1 with water for the ICP 
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analysis. Except for K, Sr, and Si, the data agree quite closely. 

The system has been applied to other miscellanious studies such as 
metal-vaporization monitoring, pollution susceptibility of fish, leaching of 
soil and coal beds, and coal ash solubility. 

In summary, we believe we have assembled a system that accomplishes 
the original objective: 

• Minimum sample handling, 

• Unattended operation, 

• Rapid sample through-put, 

• Automatic data storage, 

• Compatability with other computer systems to permit o f f - l ine normaliza

t ion of data. 

NOT1C1: 
"This report v-as prepared as an account of work 
sponsored by the United Stales Government. 
Nether the United States nor the Timed States 
Department ol Inergy. nor any of their employees, 
nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express 01 
implied, or assumes any lejial liability or respon
sibility for the accuracy, completeness or 
usefulness of any information, apparatus, product 
or process disclosed, or represents that its use-
would not infringe privately-owned rights." 

Reference to a coin puny or product 
name does not imply approval or 
recommendation of the product by 
the University of California or the 
U.S. Department of Hnergy to the 
exclusion of others that may be 
suitable. 
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Table I . De tec t i on L i m i t s of Elements in Water. 

Detection Detection Detection 
Element Limit (ppb) Element Limit (ppb) Element Limit (ppb) 

Al 24 

As 100 

B 16 

Ca 2 

Cd 2 

Co 3 

Cu 1 

Fe 2 

* Detection l im i t = four times the standard deviation of water blank. 

K 90 
Li 0.4 
Mg 1 
Mn 0.4 
Mo 11 
Na 7 
Ni 10 
P 200 

Pb 31 
Si 4 
Sr 4 
Ti 1 
U 82 
V 4 
Zn 1 
Zr 2 

i 



Table 2. Analysis of Reference Standards 

TM#1 

TM#2 

TM#3 

Found 
Given 
Found 
Given 
Found 
Given 

_A] 
0.103 
0.079 
0.514 
0.496 
0.914 
0.904 

As 
0.061 
0.026 
0.136 
0.109 
0.181 
0.154 

Concentration, -.;g/nil 

Cd Co 
0.017 0.005 

0.0052, 0.017 

0.019 0.075 

0.023 0.074 

0.074 

0.073 

0.404 
0.396 

Cu 
0.012 

0.016 

0.069 
0.072 

0.100 

0.102 

Fe 
0.023 

0.026 

0.422 
0.417 

0.685 
0.678 

Mn 
0.027 

0.047 

0.045 

0.408 

0.397 

Ni 
0.026 0.015 6.052' 

0.043 

0.045 

0.148 

0.152 

0.310 

0.298 

0.362 

0.352 

0.104 

0.10<i 

0.157 

0.157 

3TL 
0.003 

0.026 0.026 0.022 0.052 0.011 

0.024 

0.030 

0.176 

0.174 

Detect ion L im i t 1 ' 0.024 0.10 0.002 0.003 0.001 0.002 0.0004 0.010 0.20 0.004 0.001 

Ca 
MIN#1 

MIN#2 

TM 1680 

Detection Limit 

Found 15.2 
Given 14.5 
Found 43.3 
Given 44.5 
Found 28.2 
Given 30.00 
,-™^t n nno 

2.8 
2.7 
8.5 
8.4 
15.4 
16.0 
0.09 

3.1 
3.0 
14.6 
14.4 

0.001 

Na 
5.0 
5.0 
39.0 
39.7 
61.8 
66.0 
0.007 

* Standards TM#1, 2 and 3 and MIN#1 and 2 were obtained from the EPA; TM was obtained from Environmental 
Associates. 

t Detection Limit = four times the standard deviation of the water blank. 



T a b l e 3 . P r e s c i s i o n S t u d y on t h e A n a l y s i s o f Check S t a n d a r d f o r a P e r i o d o f 10 Da.\s 

/U fls B Ca Cd Co Cu Fe K Li Mg Mn 

Concentration (ppm) 0.31 0.53 0.98 5.1 0.05 0.05 0.10 0.10 5.2 0.05 0.48 1.0 

RSD* (%) 2.1 3.2 2.2 8.3 1.4 2.3 4.4 2.3 3.6 2.5 3.4 1.2 

_Mo Na m P Pb Si Sr Ti U V Zn Zr 
Concentration (ppm) 0.11 10.4 1.0 1.0 0.51 1.1 1.1 0.05 1.0 0.05 0.09 0.10 

RSD* [%) 1.6 2.6 0.6 1.7 0.8 8.3 4.0 1.7 1.7 2.8 13.5 2.5 

* Relative standard deviation. 



T a b l e 4 . C o m p a r i s o n o f ICP a n d A A A n a l y s i s o f B r i n e ' 

Na Ca K Mn Sr Zn Fe Si ..̂  L j T-Vg £b_ Cu 

ICP 5.12 2.IK 0.61.'. 548 291 252 186 168 119 79 56 0.80' 
AA 5.1% 2.0% 0.9';; 596 341 252 200 219 124 72 61 0.9 

* Results in ppm, except where noted. 
+ Separate aliquot taken. 
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