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Abstract .  

A CID detection based ICP-AES instrument has been 

incorporated into an on-line continuous process monitoring system 

for analysis of aqueous industrial waste streams. Total wavelength 

coverage afforded by the CID detection allows increased confidence in 

the analytical results through use of multiple wavelengths for 

analysis of each element. Total wavelength coverage also allows quick 

detection of interferences present in the varying waste stream that 

may cause false positives. Several internal standards have been 

evaluated to correct for expected variations in the waste stream 

matrix, and results have been incorporated in the analytical method. 

The system has been tested on a surrogate waste stream and results 

are compared to those obtained through conventional ICP-AES 

analysis of waste stream grab samples. 
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Background 

Los Alamos National Laboratory (LANL) is currently upgrading 

its radioactive liquid waste treatment plant. Engineering controls will 

be included in the upgrades to help the plant better handle influent 

wastes that exceed its acceptance criteria (see Table I). These criteria 

are set by the permitting requirements for the plant, which is limited 

to treating nonhazardous waste and must also meet NPDES discharge 

limits. Currently, daily grab samples are analyzed for the permitted 

analytes, but these data are not useful from a process control 

standpoint. 

influent streams is required to provide the necessary data for the 

Continuous on-line monitoring of these analytes in the 

automatic controls. 

In choosing an approach to this problem, several requirements 

The on-line analytical instrumentation must have needed to be met: 

detection limits at least a factor of ten lower than the acceptance 

criteria for all analytes. 

require low maintenance and high stability, as it will be required to 

run 24 hours a day--seven days a week, with minimal operator 

intervention. Additionally, the analytical method must not be highly 

sensitive to fluctuations in the sample stream matrix. Due to the 

large number of waste streams from widely varying processes at 

LANL that feed into the plant, we expect the chemical make-up of the 

sample streams to vary considerably. We felt that an appropriately 

designed inductively coupled plasma-atomic emission spectrometer 

(ICP-AES) could provide the versatility and reliability required for 

this project. 

The instrumentation must be reliable and 
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Instrumentation 

A modified Thermo Jarrell Ash IRIS-AP ICP-AES was chosen for 

this project. The IRIS is centered around a high resolution echelle 

grating spectrometer with a charge injection device (CID) detector. 

The CID detector provides several important advantages that arise 

from its ability to give full simultaneous wavelength coverage. 

concern with our application is to minimize false positives. 

wavelength coverage of the IRIS permits the use of multiple emission 

lines per analyte, thus increasing the confidence in the obtained 

results. 

positives, but can be checked through interrogation of the spectral 

images obtained for each sample. 

array of detector elements. For quantitative analysis, this array is 

broken down into 3 by 15 subarrays centered on the analytical line of 

interest. These subarrays can be stored and then recalled, when 

needed, to verify the presence or absence of a spectral interference. 

If an interference is indicated, a full 512 by 512 image of the sample 

can be obtained to determine what is causing the interference. 

One 

The full 

Interferences on the analytical lines could also result in false 

The CID detector is a 512 by 512 

The full wavelength coverage also allowed us to easily evaluate 

and implement the use of internal standards through the ability to 

test several elements and wavelengths for suitability (see Results and 

Discussion). 

internal standards are required to compensate for erratic results 

caused by fluctuations in the sample matrix. 

measurement of analyte and internal standard lines, as well as the 

background wavelengths for these lines, is also important in 

This is especially important in our application because 

Simultaneous 
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optimizing the use of internal standards. 

of noise present in all intensity measurements, resulting in improved 

precision. 

This allows for correlation 

The sample introduction system of the IRIS has been modified 

to allow for low maintenance and continuous unattended operation. 

The normal peristaltic pump has been replaced by dual metering 

pumps to eliminate the need for frequent tubing replacement. An 

autosampler has been replaced by a valving system that switches in 

different solutions. Currently, we are using an eight port valve: one 

port for a rinse/calibration/quality control blank, two for calibration 

standards, one for a quality control check standard, and one for the 

influent sample stream, leaving 3 ports open for additional sample 

streams in the future. A separate internal standard solution is 

metered into all streams entering the nebulizer, resulting in an 

approximate 20% dilution. 

been replaced by a Burgener high solids nebulizer to improve the 

system robustness in the presence of samples containing high levels 

of dissolved solids. Larger particulates will be filtered out upstream. 

The axial plasma option was chosen for the IRIS to increase 

sensitivity. 

limit for vanadium. 

The usual glass Meinhard nebulizer has 

This is important for reaching the required detection 

Custom process monitoring software was also developed for our 

application. 

the normal IRIS’ method development and data/spectral analysis 

The software was designed to allow complete access to 

software, while providing versatile automatic control of the influent 

stream analysis. 

such as frequency of instrument standardization, running of quality 

Many of the analysis functions are user defined, 
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control checks, and frequency of sample analysis. 

the quality control checks can also be defined. 

Failure actions for 

Results for the sample 

stream are checked against an action level table. 

these levels are immediately rerun as an additional check on false 

positives. 

analyze a walk-up sample. 

up subarray data to check for interferences on previous sample 

Samples exceeding 

The process monitoring can be interrupted mid-run to 

This capability also allows the user to call 

results. 

computers of the waste treatment plant. 

All sample data will be transferred directly to the control 

Results and Discussion 

Method development resulted in a procedure using at least two, 

and in many cases three, emission lines for each analyte (see Table I). 

The performance of each of the lines, as tested on a routine aqueous 

quality control sample, easily met our requirements, with all lines 

yielding results within 10% of expected values, and most results being 

within 5%. 

carryover can be a problem in ICP-AES. We will be reporting Hg on 

(An exception to these results is Hg, for which sample 

only a semiquantitative basis without the use of an internal 

standard.) 

for increasing the data reliability. 

limit requirements for all analytes is easily met, with all limits being 

at least a factor of 100 below the action levels. In addition to the 

analytes shown in Table I, Fe, Ca, and Mg are also being quantitated. 

Because these elements are likely interferences, we have included 

interfering element correction factors for them, as well as Al, within 

The ability to use multiple lines per analyte is important 

As seen in Table I, the detection 

the method. 
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As demonstrated by the performance on the clean quality 

control sample, this basic method meets most of the needs for our 

analyses, yet it is likely to prove inadequate for a sample stream with 

a widely varying matrix. 

problem. 

matrix of our calibration samples through dilution of all samples with 

our internal standard solution, which is prepared in 10% nitric acid. 

It is expected that this approach will be only partially successful. 

use of an internal standard is required to account for any remaining 

fluctuations. 

We have taken two approaches to this 

The first is to attempt to match the sample matrix to the 

The 

The most likely matrix variation we expect is in pH. As seen in 

figure l(a) for arsenic, as the matrix ranges from a high acid content 

to a high pH, the analyte signal also varies significantly. 

suppression in high acids is due to the decreased efficiency of 

nebulization, while at high pH the presence of hydroxide serves as a 

mild surfactant that increases the efficiency of nebulization and thus, 

The signal 

the signal. If Sc is used as an internal standard (using its 227.3 nm 

line, 1 ppm concentration), however, these variations can be 

corrected, yielding results within 10% of the expected value across 

the pH range. 

Not all the analytes behave the same as arsenic with variations 

in pH. For elements such as Cd and Cr, which precipitate at high pH's, 

Sc is not a good choice for an internal standard. 

l(b), as the sample matrix becomes increasingly basic, Cd signal loss 

becomes significant. 

partially successful. 

As seen in figure 

Use of Sc as an internal standard is only 

We therefore investigated the use of Y (using the 

324.2 nm line, 1 ppm concentration) as an additional internal 
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standard. 

standard €or correction of signal loss due to precipitation. 

As seen in figure l(c), Y works quite well as an internal 

Results 

across the entire pH range are within 5% of expected values when Y 

correction is used. 

Another significant matrix effect that we expect to encounter is 

due to the presence of high levels of alkali metals such as Na and K in 

the sample stream. 

potentials, alkali metals are efficiently ionized in the ICP. 

process tends to decrease the amount of energy available for 

Because of their relatively low first ionization 

This 

excitation of other analytes, resulting in a decrease in signal from 

most analytes in the plasma. We have also investigated the 

effectiveness of Sc and Y as internal standards for the correction of 

this signal suppression. Both elements were found to be effective in 

the presence of high levels of either Na or K in the sample. 

As demonstrated above, the use of an internal standard can 

successfully compensate for matrix effects if analytes are 

appropriately matched to a standard that exhibits similar chemical 

behavior. Internal standardization can also give the added benefit of 

improving precision. 

internal standard signals, as well as their backgrounds, at the same 

time. If this condition is satisfied, the random fluctuations in the four 

different signals can, in effect, be correlated, resulting in improved 

precision. 

This occurs if one can measure the analyte and 

To take advantage of this capability of the IRIS, one must be 

careful in choosing the analyte and ratio lines. The IRIS data 

acquisition actually breaks the spectrum into two regions: one from 

180 to 340 nm and the other from 340 to 800 nm. Because data are 
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collected from the two regions at different times, random signal 

fluctuations cannot be correlated for analyte and ratio lines if the two 

lines are chosen in opposite spectral regions. 

the data shown in Table 11. 

This is demonstrated in 

If one compares the percent relative 

standard deviations (%RSD) for three different Sc lines occurring in 

the two spectral regions, it is found that the 361.3 nm line (from 

region 2) has the best precision, while the 227.3 nm line (from region 

1) displays the worst precision of the three. The 361.3 nm line, 

however, may not be the best choice for internal standardization. All 

of the lines used for our analytes appear in region 1, and it is 

expected that the best precisions will be obtained by using an 

internal standard line in region 1. As seen in Table 11, the best 

%RSD's obtained for the intensity ratios of several analyte lines occur 

with the use of the 227.3 nm line, the reverse of what is observed for 

the individual line intensities. 

further by increasing our internal standard concentrations from 1 

Precisions can likely be improved 

ppm to 5 ppm. 

lines are shown in Table 111. 

Final pairings of analyte lines to internal standard 

The final step in our study is to demonstrate the equivalency 

between the full method developed on the IRIS and analytical 

methods used on different instrumentation for the current grab 

samples. One of the biggest differences in the two approaches is that 

samples will not be digested for the on-line instrumentation 

(although on-line digestion could be included in the future if desired). 

A comparison of results obtained for an undigested grab sample run 

on the IRIS and a digested sample run on a Thermo Jarrell Ash 61E 

ICP-AES is shown in Table IV. The results compare well, indicating 
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that the IRIS methodology will yield adequate data for the on-line 

application. 

digestion had on this outcome, we also analyzed the undigested grab 

In order to determine how large of an effect sample 

sample on the 61E ICP-AES. The results were similar. This is not too 

unexpected because the typical sample matrix is expected to be close 

to tap water. As a further test on the IRIS method, we analyzed a 

spiked tap water sample (spiked at levels from 0.25 to 10 ppm, 

depending on analyte). 

values for all analytes except silver (20% recovery). 

Spike recoveries were within 15% of expected 

Silver is 

expected to precipitate out due to the presence of chloride in the 

waste streams. 

We have demonstrated the successful development of an 

analytical method for continuous analysis of waste streams that will 

provide accurate results for widely varying sample matrices. 

Additional work will focus on final testing of a surrogate waste 

stream and investigation of other matrix effects, followed by 

implementation on the real waste streams. 
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Table I. Action levels and analytical data for treatment plant analytes. 

A n a l y t e  Action Detection Limit Emission Line** QC Percent 
Level (mg/L) (mgW* (Wavelength in nm) Recovery* * * 

A1 5 .008 226.9 (226.3) 104 (93) 
As 5 .007 189.0 (193.7) 103 (101) 
Ba 100 .002 230.4 (234.7) 104 (107) 
B 5 .005 249.7 (249.6, 208.9) 100 (100, 103) 
Cd 1 .0008 228.8 (226.5) 99 (103) 
Cr 5 .001 267.7 (283.5) 103 (101) 
c o  1 .002 237.8 (228.6) 106 (104) 
c u  1 .003 324.7 (224.7) 105 (110) 
Pb 5 .006 220.3 (216.9) 106 (103) 

0.2 .004 194.2 (1 84.9) 140 (155) 

Ag 5 .001 328.0 (338.2) 104 (103) 
Hg 

Se 1 .006 196.0 (203.9) 100 (97) 
Si 40 .03 1 212.4 (250.6) 96 (102) 
V 0.1 .oo 1 292.4 (290.8) 100 (100) 
Zn 63 .002 1206.2 (202.5, 213.8) 197 (103, 106) 

*Three sigma limits for primary analytical line. 
**Values in parenthesis are secondary wavelengths. 
***Values in parenthesis are recoveries for the respective secondary wavelengths. QC solution was 
0.25 ppm Hg; 0.5 ppm V; 1 ppm Cd, Co, Cu, Se; 2.5 ppm Ag, As, B, Cr, Pb; 5 ppm Al; 10 ppm Ba, Zn; and 25 pprn 
Si prepared in 2% HN03. 
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Table 11. Precision comparison for line 
intensities and intensity ratios. 

% RSD's for Internal 
Standard Line Intensities 

Region 1: Sc 2273 1.6% RSD 

Region 2: Sc 3572 1.45% RSD 
Sc 3613 0.60% RSD 

% RSD's for Intensity Ratios 

Ratio Line 
Analyte Line Sc 2273 Sc 3572 

Ag 3382 0.80 1.6 

AI 2269 0.85 1.6 

Cr 2677 0.94 1.7 

Pb 2169 0 .61  1.7 

Se 2039 0 .84  1.9 

Sc 3613 

1.4 

1.4 

1.6 

1.2 

1.4 

%RSD's are calculated from intensity measurements mad 
on a series of 7 identical samples containing 1 ppm Sc and 
2 ppm of the remaining elements. 



standard 
Table 111. Analyte 

emission 

Ag 3382 
Ba 2347 
Co 2286 
Cr 2835 
Se 2039 

Ag 3280 
B 2089 
Ba 2304 
Se 1960 
V 2924 
Zn 2138 

Al 2269 
Cd 2265 
Co 2378 
Cu 2247 
V 2908 

As 1890 
B 2496 
Cu 3247 
Si 2124 
Zn 2025 

and corresponding internal 
lines. 

Al 2263 
Cd 2288 
Cr 2677 
Pb 2203 

As 1937 
B 2497 
Pb 2169 
Si 2506 
Zn 2062 

Y 3242 

Sc 2273 



Table IV. Comparison of IRIS method results and results on TJA 61E. 

- 

- 
- 
- 
- 
- 
- 

I I 

Cd I <0.0008 I <0.002 I c0.002 

Analyte IRIS Result TJA 61E I (digested) mg/L 

- As 
B 

I I 
- ~~ ~~ 

Ag <0.001 <0.002 
-~ ~~ 

c.007 <0.034 
0.1 0.09 

A1 I 0.017 I <0.09 

co 
Cr 

<0.002 I <0.003 <0.003 
0.001 <o.o 1 <0.01 

1 I ~- 

Ba I 0.015 I 0.04 

Fe 
Mg 
P b  

Ca I 67 I 62 

0.22 0.19 0.18 
10 8.9 9.2 
<0.006 <0.046 ~0.046 

TJA 61E 
(undigested) mg/L 

<0.002 

Si 
V 

50 48 52 
<0.001 0.009 0.004 

<0.09 
<0.034 
0.1 
0.027 
63 

cu I <0.003 I 0.015 OY013 1 

Se I 0.02 I 0.02 I 0.073 I 

zn I 0.25 I 0.24 I 0.24 I 
.. -. 


