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VHG Labs has always striven to provide the most accurate commercial calibration standards.  As part of our 
commitment to continuous improvement, in 1999 we were pleased to participate in original research 
conducted by the National Institute for Standards and Technology (NIST) aimed at providing a more accurate 
instrument-based methodology.  An additional goal was to have a complete and unbroken chain of 
traceability, suitable for the requirements of reference standard certification.   Out of this work came the NIST 
High Performance ICP-OES protocol(1-3) for measuring individual metals in characterized matrices, such as 
those found in commercial calibration standards. 
 

 
WHAT MAKES UP THE NIST PROTOCOL? 
 
It’s an approach that uses instrument measurements for high accuracy determinations.  An array based ICP-
AES instrument—well calibrated with Primary Reference Standards, such as the NIST 300 Series SRM’s—is 
utilized.   At VHG, we exclusively use NIST SRM materials as our Primary Reference Standard except for a 
small number of elements where none exists.  The NIST protocol features not just a sample measurement 
protocol, but also a sophisticated mathematical algorithm to determine the concentration of an element. 
 
A series of articles by Salit, Turk, et. al (1-3) at NIST (Gaithersburg, MD) elaborated the sources of measurement 
error in spectrometric techniques, such as ICP-AES, and presented an approach to achieve higher levels of 
accuracy with reduced uncertainty.   A “high performance” (HP-ICPAES) method was developed and 
evaluated for a wide range of element determinations.   Intended not just as a technique for certifying 
government sourced reference materials, VHG Labs was contacted and was involved in providing 
experimental data for the initial project.  Subsequently, VHG Labs implemented the NIST protocol for 
certification of its commercial standards. 
  
 
 
INTRODUCTION 
 
Chemical quantitative analysis has well-placed emphasis on the accuracy (correctness) and the uncertainty 
(validation) of instrumentally derived results.  Many agencies set forth detailed principles aimed at providing the best 
possible guarantee that analytical data is sound.  ISO 17025, for example, states:  
 
“Many factors determine the correctness and reliability of the tests and/or calibrations, including: 

• Human factors 
• Environmental conditions 
• Test and calibration methods 
• Equipment 
• Measurement and Traceability 
• Sampling 
• Handling of calibration items (eg. Samples, etc.) ” 

 
The benchmark publication “Guide to the Expression of Uncertainty in Measurement(4)“ by ISO in collaboration with 
BIPM, IEC, IUPAC, and others formally establishes rules for the expression of uncertainty and delves into the topic of 
expanded uncertainty that includes both Type A and Type B error.  Requirements exist now to establish the confidence 
of a result based “traceable to a defined reference such as SI unit, reference material, or where applicable, a defined 
or empirical method.(5) “ 
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Commercial suppliers of calibration standards have a responsibility to address each of the above points and to utilize 
the best methods for certification of standards.  This includes not just the accurate certification of concentration, but 
also the presentation of a meaningful uncertainty term for that stated concentration, in addition to trace element data 
for defining the purity of the standard.  Traditional methods, e.g. gravimetric and titrimetric; can provide a determination 
within (precision) of +/- 0.3%RSD; hence any alternative (e.g. HP-ICP-AES) should deliver similar quality precision of 
results. 
 
EXPERIMENTAL:  
 
The NIST protocol has two aspects, 1) an analytical protocol to follow for preparation and measurement of samples, 
and 2) a data processing or “Traceability Tool” in MS Excel® designed to secure electronic data and to calculate 
elemental concentrations based on calibration against primary reference standards; such as, NIST 3100 Series 
SRM’s.   It is designed to provide an accurate measurement as well as provide a statistically meaningful, traceable 
uncertainty value. 
 
 
 
 
 
 
 
 
 
 
 
 

The HIGH PERFORMANCE PROTOCOL is based on accurately spiking the pre-certified standard 
with a known quantity of an internal standard that is carefully chosen for each analyte.  The 
internal standard has similar ICP-AES properties and is added to match the signal intensity of 
the element being determined.  Similar preparation of a primary reference material (eg.  NIST 
SRM) is done.  An elaborate measurement sequence is done by the instrument that results in 
over 800 individual, separate readings—all to establish each determination along with a 
traceable term for uncertainty.    
 
Equation 1 defines the mathematical process. 

 
(IIR)   X  [mg  / g ]UNKNOWN SOLN ANALYTE SPIKE NIST SRM 

  Mass Fraction UNKNOWN (mg/g) =  ___________________________________________________________________  (1) 

     (IIR)NIST SRM SOLN   X  [gUNKNOWN  / gSPIKE ]UNKNOWN SOLN 
        
where IIR refers to the “Internal Intensity Ratio” of detected intensity for the analyte against its internal standard, i.e. Ianalyte/Ispike 

 

WORKED EXAMPLE:   A summarized example of the quantities and calculations for Sb is shown below in TABLE I.  
 TABLE I.       

ELEMENT     Sb 
NIST SRM     3102a 

NOMINAL CONC. UNKNOWN     10,000 ug/g 
ACTUAL CONC. SRM     9.94 mg/g 

        
MASS UNKNOWN     2.600g 

MASS SPIKE OF UNKNOWN     19.505g 
        

MASS NIST SRM     2.450g 
MASS SPIKE OF NIST SRM     20.050g 

        
MEASURED IRR NIST SOLN     0.8147 
MEASURED IRR UNKNOWN 

SOLN     0.8234 
        

Bold items are measured in 
multiples and all mass 

measurements are done with 
balances calibrated against 

NIST traceable weight 
standards.  

0.8234 x (9.94 x 2.450 / 20.05) RESULT = 
0.8147 x (2.600  / 19.505) 

equals… 9.209 mg/g 
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Set-up of instrumental conditions with attention to recommended sampling and acquisition (Tables II & III) was fulfilled 
before taking any measurements.  Care was taken to establish stable signal readings before analysis.  Included was a 
pre-screening of the Analyte solution to verify the lack of presence of the internal standard spike element in the pre-
certified “unknown” and vice versa.   (Ref. 1 details the choice and reasons for what internal standard spikes were to 
be associated with each analyte.)  For elements determined in this work, Table III specifies the wavelength and 
internal standard selections.   The ICP was set-up with background correction and all lines were chosen on the basis 
of avoidance of spectral interferences, as well as good sensitivity. 
 
 
      TABLE II 

Instrument:     Perkin Elmer 3300 RL 
Plasma Power (W):    1300  
Gas Flows (L/min):  Coolant: 15 

      Auxiliary: 0.5 
      Nebulizer: 0.8 

Signal Measurement Mode:   Peak Int. 
Background Correction:   2 Point 
Wavelengths:     see Table III and ref. 1 
Balance:     Mettler Toledo ADA210/L 

 
 
Weighing of the liquid samples is an important aspect of the High Performance protocol.  Proper usage of balances, 
calibration of the balance, and good environmental conditions has to be maintained.   To set-up a measurement of a 
single element, quadruplicate aliquots of the pre-certified material are accurately weighed and are spiked with a known 
amount of an appropriate internal standard.  The same is done (in quadruplicate) for a Primary Reference Standard, 
eg. NIST SRM.   This care and duplication is done to avoid error, as well as to allow for a statistical meaningful 
determination of the error. 
 
All samples were made and combined promptly to minimize the impact of small in-process losses of any solution (e.g. 
evaporation) after weighing and before combining.  Post-preparation alteration of the samples (via minor diffusive or 
evaporative loss) was not a factor of concern, since it would not impact the end result.  The uncertainty in the balance 
calibration (using NIST calibration weights and determined separately for informational purposes) was in the range of 
0.004% for the mass ranges involved and; therefore, could be considered negligible.   A relative bias in measured 
balance weights (i.e. systemic error in its calibration slope) would cancel mathematically.   
 
 
      Table III. 
 
ELEMENT WAVELENGTH 

(nm) 
SPIKE WAVELENGTH 

(nm) 
ELEMENT WAVELENGTH 

(nm) 
SPIKE WAVELENGTH 

(nm) 

Na 589.5920 Sr 407.7710 As 193.6960 Se 196.0260 

Ag 328.0680 Sc 361.3830 Au 208.2090 In 230.606 

As 193.6960 Se 196.0260 Co 238.8920 Sc 361.3830 

Fe 259.9400 Sc 361.3830 Eu 412.9700 Sc 424.683 

Ho 339.8980 Sc 361.3830 Ni 232.0030 Sc 361.3830 

Mn 403.0760 Sc 424.6830 Pb 220.3530 Co 228.616 

Ni 232.0030 Sc 361.3830 Sr 421.552 Ba 493.468 

P 213.6180 Se 196.0260 V 292.4020 Sc 361.3830 

U 385.9580 Sc 361.3830         
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DISCUSSION: 
 
Numerous criteria for instrumental analysis were considered and addressed in the establishment of the NIST high-
performance protocol.  Foremost amongst the requirements for solution preparation were the need to have chemical 
compatibility, absence of interferences, solution stability, and relative matching of element and spike with respect to 
excitation energy and wavelength.  While linear detection was typical of the Optima3000 ICP-AES system, linearity 
deviation concerns were dealt with by having all solutions prepared to read at roughly similar detector intensities for a 
given wavelength. 
 
“Simultaneous” spectrometric instruments have detection capability for simultaneous measurement of different spectral 
components, e.g. wavelength, mass.  When signals obtained under simultaneous condition are ratioed, the precision 
of the ratio value is typically excellent (compared to the single channel measurement).  This is due to the mathematical 
cancellation of short-term noise in the signal.  The Optima 330RL instrument with its solid-state detector is an example 
of a simultaneous system in which precision of the ratio of two channels is well under 1%.  In this work, this noise 
cancellation effect helped to bring about measured %RSD values from 0.05 – 0.2% for the ratioed channels (Analyte to 
Spike), while each single channel %RSD was in the range of 0.5 –1.1%. 
 
Table III.  View of the MS Excel™ Traceablity Tool: General information sheet. 
 
PAUH (lot 2203) to NIST SRM 3121 (lot 991806),  

Experiment related information Input

Date of analysis 19-Aug-02
Element Au

Identification label of the Test Sample  PAUH
Lot number of the Test Sample 2203
Nominal mass fraction of Test Sample (mg/g) 0.9683
SRM 3100 series number 3121
SRM lot number 991806
Certified Mass Fraction (mg/g) of SRM 3121, lot 991806 9.89
Uncertainty of Certified Mass Fraction (mg/g) 0.02
Coverage Factor, k, for the SRM Certified Uncertainty 2

Instrument related information Input

Instrumental comparison method ICP-OES
Working Response Level 10000
Mass of Working Solutions (g) 100
Internal standard element In

Mass fraction of Internal Standard Stock Solution (mg/g) 9520
 
Table IV.  View of the MS Excel™ Traceablity Tool: Spiking information sheet. 

Prepare In Internal Standard Spike Solution. grams of Internal Standard Stock Solution 

     23.40g    

Into labeled bottles, prepare spiked Test Samples and SRMs following the target values listed below: 

  g of Test Sample g of SRM 3121 g of IS Spike Solution 

  Target Actual Target Actual Target Actual 

   Tare Gross Net  Tare Gross Net  Tare Gross Net 

 SRM 1     2.5 13.88316.384 2.501 20 16.384 40.446 24.062

 SRM 2     2.5 14.05116.556 2.505 20 16.556 36.557 20.001

 SRM 3     2.5 13.80916.311 2.502 20 16.311 36.365 20.054

 SRM 4     2.5 14.05716.557 2.500 20 16.557 36.563 20.006

Shown on the left and below are some of 
the spreadsheet pages from the Traceability 
Tool and with actual experimental values 
placed.  Instrumental data are taken as ten 
repeats of each Unknown sample, followed 
by the same for the NIST SRM sample.  
These are repeated for four completely 
separate solutions of Analyte, Sample & 
NIST SRM Sample.   In turn, these are run 
as blocks of five.  In all, forty solutions are 
sampled by the ICPAES instrument and 
over 800 measurements are used to 
determine the concentration and error 
range for each unknown.  
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 Test Sample 1 25.5 13.815 39.316 25.501     20 39.316 59.325 20.009

 Test Sample 2 25.5 13.884 39.389 25.505     20 39.389 59.393 20.004

 Test Sample 3 25.5 14.005 39.513 25.508     20 39.513 59.513 20.000

 Test Sample 4 25.5 13.826 39.328 25.502     20 39.328 59.333 20.005
              

Prepare Working Solutions by dilution of spiked solutions: 

     grams of spiked soln to dilute to 100 g     

 SRM Samples 4.74          

 Test Samples 9.58          

Each measurement includes 10 readings and 5 blocks constitute a full run.     
 
 
Table V.  View of the MS Excel™ Traceablity Tool: Measurement summary sheet.  Final result at bottom. 
ICP-OES Comparison of PAUH (lot 2203) to NIST SRM 3121 (lot 991806), 8/19/2002.  
        

Mass Ratio Slope of Calibration 
Curve 

Apparent 
Mass 

Fraction 
sd SRM 3121 

Measurements 
Average Signal 

Ratio sd rsd 

(mg analyte/g IS) (signal ratio/mass 
ratio) mg/g mg/g 

SRM 1 0.7802 0.0018 0.23% 1.0280 0.7590 9.886 0.023

SRM 2 0.9409 0.0007 0.08% 1.2387 0.7596 9.894 0.007

SRM 3 0.9371 0.0009 0.10% 1.2339 0.7595 9.892 0.010

SRM 4 0.9382 0.0012 0.13% 1.2359 0.7591 9.887 0.012

       
    Average slope 0.75931  
    sd of slope 0.00029  

PAUH 
Measurements 

Average Signal 
Ratio sd rsd Observed Mass 

Fraction sd Observed 
/Nominal  

    mg/g mg/g   

Test Sample 1 0.9352 0.0021 0.22% 0.966 0.002 99.81% 

0.964 0.000  Test Sample 2
Test Sample 3

0.9330 
0.9325 

0.0005
0.0010

0.05%
0.11%

0.963 0.001 

99.53%
99.44%

 
Test Sample 4 0.9339 0.0020 0.21% 0.965 0.002 99.64% 

       
 Average mass fraction 0.964   
 sd of mass fraction 0.002   

        
Uncertainty 

Budget       

Source (mg/g) relative df coverage factor, k    
SRM 3121 

Measurements 0.000 0.02% 3    

PAUH 
Measurements 0.001 0.08% 3    

Certified Value of SRM 3121 0.010 0.10% 61
Combined 

Uncertainty 0.001 0.13% 19.6    

Coverage Factor, k   2.09   

Expanded Uncertainty 0.003 0.27%      
      

Detmd. Traceable Value  0.9645 mg/g ± 0.0026 mg/g    
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Shown in the tables above (Tables III - V) are fields from the Traceability Tool in MS Excel™.  Fields for data entry are 
clearly defined and all raw data and processed data are contained in easily viewable MS Excel pages.  Also an 
important aspect of the data calculation was a sophisticated data fitting regimen for normalizing trending or drift in the 
measurements.  This is more fully described in ref.  2. 
 
Over the course of four months, a range of single element standard candidates were analyzed and certified 
concentrations established using this method.  These are shown in Table VI.   The average %RSD of these runs was 
0.326%.   The NIST 3100 Series SRM standards are themselves with uncertainties in the 0.3% range. 
 
 
TABLE VI. Results for the NIST high performance method of assay for numerous  
aqueous metal solutions.  Precision averaged 0.326%--good for spectrometric  
techniques—and includes the traceable error of all factors including the  
NIST SRM itself. 

 

ELEMENT 

ROUGH 
EXPECTED 

CONC. (mg/L) 
DETERMINED 

CONC. mg/g STD. DEV. %RSD
Na 40,000 39.8446 0.0955 0.240
Ag 10,000 9.4296 0.0285 0.302
Ho 10,000 9.6621 0.0306 0.317
Mn 10,000 9.5466 0.0287 0.301
Ni 10,000 9.5623 0.0288 0.301
P 10,000 9.4369 0.0380 0.403
U 10,000 9.5007 0.0297 0.313

As 1,000 0.9947 0.0037 0.372
Au 1,000 0.9645 0.0026 0.270
Co 1,000 0.9739 0.0030 0.308
Eu 1,000 0.9797 0.0035 0.357
Ni 1,000 0.9747 0.0030 0.308
Pb 1,000 0.9952 0.0031 0.311
Sr 1,000 0.9809 0.0035 0.357
V 1,000 0.9700 0.0040 0.412

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
CONCLUSION: 
 
The NIST High Performance ICP-AES protocol has been successfully implemented at our laboratory and is the basis 
for certified concentrations of VHG Labs’ A+ standards.  The ability to determine and report a statistically meaningful 
measurement of uncertainty that accommodates random (type A) and systemic (type B) error is one of the advantages 
realized by utilizing the protocol and provides for a superior certified concentration value.  Solutions measured and 
processed using the protocol and NIST SRM calibrants were not just traceable to a NIST SRM through “a chain” of 
measurements, but were traceable directly to the NIST SRM. 
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4.  “Guide to the Expression of Uncertainty in Measurement,” ISO, CIPM, Switzerland, 1993. 
5. “Quantifying Uncertainty in Analytical Measurement,” 2nd ed. Eurachem/CITAC Guide, CG4, 2000. 
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VHG LABS’ A+ STANDARDS ARE DESIGNED TO PROVIDE THE HIGHEST POSSIBLE 

CONFIDENCE IN THE ANALYTICAL MEASUREMENT.  OUR ATTENTION IS ALWAYS 
FOCUSED ON PROVIDING THE BEST STANDARD.  

                                                              

A+ STANDARDS FEATURE:           
 RIGOROUS NIST METHOD FOR DETERMINATION OF THE CERTIFIED 

CONCENTRATION 
 

 COMPLETE TRACEABILITY TO NIST SRM 
 

 LOW “UNCERTAINTY” OF THE CERTIFIED CONCENTRATION 
 

 HIGH PURITY RAW MATERIALS AND MINIMAL TRACE LEVELS  
 

 TRACE CONTAMINATION DETERMINED BY ICP-MS 
 

 SUPERIOR PACKAGING IN PRE-CLEANED BOTTLES 
 

 MANUFACTURED IN OUR ISO 9001:2000 AND ISO 17025:2005 COMPLIANT 
FACILITY 
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