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SUMMARY 

 
 

 
SPONSOR: 

 
American Petroleum Institute 

 
SPONSOR’S REPRESENTATIVE: 

 

 
LOCATION OF STUDY, RAW DATA 
AND A COPY OF THE FINAL 
REPORT: 

 
Wildlife International, Ltd. 
Easton, Maryland  21601 

 
 

 
WILDLIFE INTERNATIONAL, LTD. 
PROJECT NUMBER: 

 
 
472C-105 

  
TEST SUBSTANCE: Petroleum  Coke 
 
STUDY: 

 
Analytical Method Verification for the Determination of Water 
Soluble Com ponents of Petroleum  Coke in Freshwater Using 
Inductively Coupled Plasma Atomic Emission Spectrometry 
 

 
FORTIFIED TEST 
CONCENTRATIONS: 

 
Element LOQ level, µg/L 10x LOQ level, µg/L 
Arsenic 20.0 200 
Copper 20.0 200 
Iron 10.0 100 
Nickel 10.0 100 
Selenium 200 2000 
Sulfur 10,000 100,000 
Vanadium 0.400 4.00 
 

 
TEST DATES: 

 
Experimental Start (OECD) – August 10, 2004 
Experimental Start (EPA) – October 31, 2004 
Experimental Termination – November 4, 2004 

 
 

 
TEST SYSTEM: 

 
Freshwater 
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SUMMARY: 

 
Instrumental detection limits for six m etals (As, Cu, Fe, Ni, Se, V) and sulfur 
were established using Inductively  Coupled Plasm a - Atomic Emission 
Spectrometry (ICP-AES).  Freshwater matrix was screened for the seven 
elements.  From  these analy ses, theore tical LOQs were established for each 
element based on the instrum ental lim its, matrix background level and/or 
environmental contamination. 
 
Method verification samples containing the six metals and sulfur were fortified in 
freshwater at the LOQ and 10x LOQ levels.  Samples were acidified and either 
further diluted in acidified freshwater or analy zed directly  against m etal and 
sulfur external standards also prepared  in freshwater.  Recovery samples and 
standards were analyzed by ICP-AES.  The ICP system was configured for axial 
plasma viewing and ultrasonic nebulization sample introduction.  The emission 
wavelengths selected to quantify  As, Cu, Fe, Ni, Se, S and V were 188.979, 
224.700, 239.562, 231.604, 196.026, 180.669 and 292.402 nm , respectively .  
Each elem ent was quantified against external standards via linear regression 
analysis.  Recoveries of each of the elements from freshwater are presented in 
Tables 2-8.  Linear regression analyses of each of seven elements are presented in 
Figures 2-8.  All elements were shown to recover quantitatively at the LOQ and 
10x LOQ levels. 
 
Water accommodated fractions (WAFs) were analyzed for the presence of the six 
metals and sulfur after mixing for 24, 48, 72 and 96 hours.  Except for a trace of 
iron contam ination in one test vessel, no m etals were detected in any WAF 
samples. Sulfur was not detected above the background level in the freshwater 
used.   
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INTRODUCTION 

Analytical trials were conducted to verify analytical methods for the determ ination of selected 

metals and sulfur (S) in water accommodated fraction (WAF) solutions made with petroleum coke and 

freshwater.  The metals determined included arsenic (As), copper (Cu), iron (Fe), nickel (Ni), selenium 

(Se) and vanadium (V).  The study was conducted by Wildlife International, Ltd. and identified as Project 

Number 472C-105.  The study was performed based on procedures in Residues: Guidance for Generating 

and Reporting Methods of Analysis in Support of Pre-registration Data Requirements for Annex II (Part 

A, Section 4) and Annex III (Part A, Section 5) of Directive 91/414  (1).  Details on the procedures 

followed in the conduct of the study are specified in the protocol and protocol amendments provided in 

Appendix I.  A method for determination of selected metals and sulfur components of petroleum coke 

was verified by  fortify ing freshwater with refere nce standards of As, Cu, Fe, Ni, Se, V and S and 

determining the recoveries for the components.  Limits of detection (LOD) and lim its of quantitation 

(LOQ) also were established.  All raw data generated by Wildlife International, Ltd. and a copy of the 

final report are filed under Project Number 472C-105 in archives located on the Wildlife International, 

Ltd. site. 

 

OBJECTIVE 

There were two objectives of this study.  One was to verify an inductively coupled plasma atomic 

emission spectrometry (ICP-AES) method for determination of metals and sulfur in water accommodated 

fraction (WAF) solutions of petroleum  coke.  The second objective was to em ploy the method to 

determine the optimum WAF mixing time to achieve maximum leaching of metals and sulfur from the 

test substance matrix into freshwater. 

 

EXPERIMENTAL DESIGN 

Prior to performance of the method verification trial, an evaluation of the ICP-AES method was 

performed for each elem ent to determ ine the limit of detection (LOD) at the instrum ent, determine 

background levels of the elem ents in water and est ablish a theoretical lim it of quantitation (LOQ) in 

water.  The LOQ was based on 10 times the LOD or 2 times the background level, whichever was higher.  

 

The m ethod verification trial was performed by fortify ing freshwater with known standards 

(individual or mixed standards) of the seven elements of interest (Ni, V, Fe, Cu, S, As and Se) rather than 

with petroleum coke containing trace quantities of these elem ents.  Concentrations of m ost of the 

elements of interest in petroleum  coke were < LOQ or were present in trace quantities according to 
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AMENDED 

information provided by the Sponsor.  Fortifying with known concentrations using element standards 

verified the efficiency and accuracy of the ICP-AES method for analysis of the elements in water to be 

used for environmental effects testing. Fortification levels of each element included the calculated LOQ 

and 10X the LOQ to bracket the expected concentrations of each elem ent in water to be used for 

environmental effects testing with petroleum  coke .  Reagent and m atrix blanks were analy zed 

concurrently to evaluate potential analy tical in terferences.  Calibration curves were prepared and 

analyzed with each series of matrix fortification samples.  
 

A WAF trial was run for 96 hours to determ ine mixing time for preparation of WAF solutions.  

Analytical samples were taken at approximately 24, 48, 72 and 96 hours.  Matrix blanks were analyzed 

concurrently to evaluate potential analy tical inte rferences.  Matrix fortification sam ples were also 

analyzed concurrently to evaluate method performance at each sampling interval.   

 

MATERIALS AND METHODS 

Test Substance 

The test substance was green petroleum  coke (CAS Number 64741-79-3).  Petroleum coke was 

defined as the product formed by subjecting the heavy tar-like residue remaining following oil refining to 

high temperatures and pressures.  It consists of pr imarily elemental carbon with considerably smaller 

amounts of hydrocarbons, sulfur and trace amounts of heavy metals.  Analyses of selected components in 

petroleum coke are provided in Appendix 2.  The test substance was received from EPL on October 7, 

2003 and was assigned Wildlife International, Ltd. id entification number 6485A.  The test substance, 

black pellets, was identified as 2 m m Particle Size Pe troleum Coke (aka Milled Pellets).  The test 

substance was stored under ambient conditions.  An expiration date was not provided.  The stability of the 

test substance was performed concurrently during the method verification steps. 
 

The identity, strength, purity, composition, and method of selection, synthesis, fabrication and/or 

derivation of each batch of the test substance and the maintenance of these records were the responsibility 

of the Sponsor (Appendix 2). 
 

Reference Substances 

Analytical standards for each of the seven elements of interest were received from Spex Industries 

(Metuchen, N.J. 08840) and were stored under ambient conditions.  All of the materials were 1,000 mg/L 

Spex CertiPrep® plasma standards in 2% HNO3, with the exception of the sulfur standards which were 
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1,000 mg/L and 10,000 mg/L preparations in water.  Certificates of analyses for the reference substances 

are provided in Appendix 2.  The following tabulation sum marizes pertinent data for each analytical 

standard:   

 
 
Component 

Test 
Substance 
Number 

 
 

Lot/Batch 

 
CAS 

Number 

 
Date 

Received 

 
Expiration  

Date 

 
 

Description 
 

Arsenic 
Copper 
Iron 
Nickel 
Selenium 
Sulfur 
Sulfur 
Vanadium 

6543 
6544 
6545 
6546 
6547 
6548 
6890 
6549 

10-06AS 
9-183CU 
9-184FE 
10-29NI 
10-31SE 
8-74S 
S9-51S 
10-88V 

7440-38-2 
7440-50-8 
7439-89-6 
7440-02-0 
7782-49-2 
7704-34-9 
7704-34-9 
7440-62-2 

11/06/03 
11/06/03 
11/06/03 
11/06/03 
11/06/03 
11/06/03 
10/18/04 
11/06/03 

11/15/04 
11/15/04 
11/15/04 
11/15/04 
11/15/04 
11/15/04 
10/15/05 
11/15/04 

Clear liquid 
Blue liquid 
Clear Liquid 
Blue liquid 
Clear Liquid 
Clear Liquid 
Liquid 
Yellow Liquid 

 

Reagents and Solvents 

Burdick & Jackson HPLC grade reagent water. 

J.T. Baker, Baker Instra-Analyzed® concentrated nitric acid, ACS reagent grade, Lot No. Y33025. 
 

Freshwater 

The freshwater used for the m ethod verification and the WAF trials was obtained from a well 

approximately 40 meters deep located on the Wildlif e International, Ltd. site.  The well water is 

characterized as m oderately-hard water.  The means and ranges of specific conductance, hardness, 

alkalinity and pH measurements of the well water during the four-week period immediately preceding the 

test are presented in Appendix 3. 
 

The well water was passed through a sand filter to remove particles greater than approxim ately 

25 µm, and pumped into a 37,800-L storage tank and aerated with spray nozzles.  Prior to use, the water 

was filtered (0.45 µm) again to remove microorganisms and particles.  The results of periodic analyses 

performed to measure the concentrations of selected organic and inorganic constituents in the well water 

are presented in Appendix 4. 
 

Stock and Calibration Standard Preparations  

For each phase of the study, a combined stock solution containing the seven elements of interest was 

prepared either directly from the procured Spex primary standards, or from single element secondary stock 
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preparations.  The combined stock solutions were used to prepare external calibration standards and matrix 

fortification samples.  The preparation of the secondary stocks and combined stocks was as follows:  

 

For the LOD experiment, single component secondary stocks for each element were prepared using 

volumetric flasks and calibrated micropipettors.  For As, Cu, Fe, Ni and V, each primary standard was 

diluted by a factor of 1000 using 10% (v/v) nitric acid in reagent grade water (10:90 HNO3: H2O) dilution 

solvent.  Each of these secondary stocks had a nominal concentration of 1.00 mg element/L. For Se and S, 

each primary standard was diluted by a factor of 100 using 10:90 HNO3: H2O dilution solvent.  Each of 

these secondary stocks had a nominal concentration of 10.0 mg element/L.  The single component stock 

solutions were used to prepare a single calibration standard in 10:90 HNO3: H2O dilution solvent using 

the following dilution scheme:  
 

 
 

Element 

Secondary 
Stock 

Concentration 
mg/L 

 
 

Aliquot 
(µL) 

 
Final 

Volume 
(mL) 

Calibration 
Standard 

Concentration 
(µg/L) 

As 

Cu 

Fe 

Ni 

Se 

S 

V 

1.00 

1.00 

1.00 

1.00 

10.0 

10.0 

1.00 

1000 

500 

100 

200 

200 

200 

100 

 
 
 

100 
 
 
 

10.0 

5.00 

1.00 

2.00 

20.0 

20.0 

1.00 
 

For the freshwater matrix screen, a combined secondary stock in 10:90 HNO3: H2O dilution solvent 

was prepared as follows: 
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Element 

Primary 
Stock 

Concentration 
mg/mL 

 
 

Aliquot 
(mL) 

 
Final 

Volume 
(mL) 

Secondary 
Stock 

Concentration 
(mg/L) 

As 

Cu 

Fe 

Ni 

Se 

S 

V 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

0.001 

0.500 

0.500 

0.0500 

0.0250 

5.00 

1.25 

10.0 

 
 
 

50.0 
 
 
 

10.0 

10.0 

1.00 

0.500 

100 

25.0 

0.200 
 

This combined secondary stock solution was used to prepare a series of calibration standards, each 

in 10:90 HNO3: H2O dilution solvent and diluted to a 50-mL final volume, using the following dilution 

scheme:  

 

Stock 
Aliquot: 

 
 

Element 

 
0.0500 mL  

 
Standard 

Concentration 
µg/L 

 
0.125 mL  

 
Standard 

Concentration 
µg/L 

 
0.250 mL  

 
Standard 

Concentration 
µg/L 

 
0.375 mL  

 
Standard 

Concentration 
µg/L 

 
0.500 mL  

 
Standard 

Concentration 
µg/L 

As 

Cu 

Fe 

Ni 

Se 

S 

V 

10.0 

10.0 

1.00 

0.500 

100 

25.0 

0.200 

25.0 

25.0 

2.50 

1.25 

250 

62.5 

0.500 

50.0 

50.0 

5.00 

2.50 

500 

125 

1.00 

75.0 

75.0 

7.50 

3.75 

750 

188 

1.50 

100 

100 

10.0 

5.00 

1000 

250 

2.00 
 

For the method verification and WAF trials, a secondary vanadium stock was first prepared from a 

10x dilution of the 1.00 mg/mL V primary standard using 2% (v/v) nitric acid in reagent grade water 

(2:98 HNO3: H2O) dilution solvent.  The nominal concentration of the resultant vanadium  stock was 

0.100 mg V/mL.  A combined secondary stock in 2:98 HNO3: H2O dilution solvent was then prepared as 

follows: 
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Element 

Primary 
Stock 

Concentration 
mg/mL 

 
 

Aliquot 
(mL) 

 
Final 

Volume 
(mL) 

Secondary 
Stock 

Concentration 
(mg/L) 

As 

Cu 

Fe 

Ni 

Se 

S 

V 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

0.100 

1.00 

1.00 

0.500 

0.500 

10.0 

10.0 

0.200 

 
 
 

100 
 
 
 

10.0 

10.0 

5.00 

5.00 

100 

100 

0.200 
 

This combined secondary  stock solution was used  to prepare two separate sets of calibration 

standards, each in 2% (v/v) nitric acid in W ildlife International, Ltd. freshwater (2:98 HNO 3: FW) 

dilution solvent and diluted to a 50-mL final volume, using the following dilution scheme: 
 

Stock 
Aliquot: 

 
 

Element 

 
0.0500 mL  

 
Standard 

Concentration 
µg/L 

 
0.125 mL  

 
Standard 

Concentration 
µg/L 

 
0.250 mL  

 
Standard 

Concentration 
µg/L 

 
0.375 mL  

 
Standard 

Concentration 
µg/L 

 
0.500 mL  

 
Standard 

Concentration 
µg/L 

As 

Cu 

Fe 

Ni 

Se 

S 

V 

10.0 

10.0 

5.00 

5.00 

100 

100 

0.200 

25.0 

25.0 

12.5 

12.5 

250 

250 

0.500 

50.0 

50.0 

25.0 

25.0 

500 

500 

1.00 

75.0 

75.0 

37.5 

37.5 

750 

750 

1.50 

100 

100 

50.0 

50.0 

1000 

1000 

2.00 
 

Two separate sets of sulfur calibration standards, each in 2:98 HNO3: FW dilution solvent, were 

prepared from the 10.0-mg S/mL primary standard for use in the method verification and WAF trials 

using the following dilution scheme: 
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Stock 
Concentration 

mg S/mL 

 
Aliquot 

(µL) 

Final 
Volume 

(mL) 

Standard 
Concentration 

(mg S/L) 
 

10.0 

10.0 

10.0 

10.0 

10.0 

 

25.0 

50.0 

125 

175 

250 

 

50.0 

50.0 

50.0 

50.0 

50.0 

 

5.00 

10.0 

25.0 

35.0 

50.0 

 
Analytical Methods 

The analy tical method for each phase of the study  generally  consisted of acidification and/or 

dilution and direct injection into the ICP-AES system.  Procedures specific to each phase are specified 

below.  Concentrations of As, Cu, Fe, Ni, Se, S and V in the samples were determined using a Perkin-

Elmer Optima 3000 DV ICP-AES configured in axial view mode and equipped with a Cetac U-5000AT+ 

Ultrasonic Nebulizer (sample introduction).  For the detection limit determination and freshwater screen 

trials, simultaneous measurements were made for all seven elements.  For the method verification and 

WAF trials, simultaneous measurements were made for six of the seven elements (As, Cu, Fe, Ni, Se and 

V).  For sulfur, a single element method was employed due to the need for higher concentration-level 

calibration standards.  Instrumental parameters for the analysis of the seven elements are summarized in 

Table 1 and a method flowchart applicable to the m ethod verification and WAF sam ple analyses is 

provided in Figure 1. 

 

For the LOD experiment, the specific analytical method consisted of calibration of the ICP-AES 

system with a single multi-element standard (as specified in previous section) followed by direct multiple 

injection (n = 7) and analysis of a neat blank sample consisting of acidified reagent water (10:90 nitric 

acid: reagent water).  The response was monitored and the overall standard deviation was calculated from 

the replicate injections of the blank at the specified analytical wavelength for each of the seven (As, Cu, 

Fe, Ni, Se, S and V) elements (Table 1). 
 

For the matrix water screen experiment, duplicate 9-mL aliquots of well water were filtered through 

a 0.45µm filter into centrifuge tubes and brought to fina l volume with concentrated nitric acid.  The 

resultant solutions were 10% in nitric acid by volume.  The duplicate preparations were further diluted 

20x with 10:90 nitric acid: reagent water dilution solvent.  Both initial and subsequent dilution samples 

were subm itted for ICP-AES analy sis.  The instrum ent was calibrated with a set of multi-element 
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standards in 10:90 HNO3: H2O dilution solvent (as specified in previous section) and the samples were 

analyzed for the seven elements of interest. 
 

The specific method used for the analysis of the method verification and WAF samples was based 

upon m ethodology developed by  Wildlife International,  Ltd.  The analy tical m ethod consisted of 

acidifying the samples 2% by volume with concentrated nitric acid and, if required, further diluting the 

samples in acidified freshwater (2:98 HNO3: FW dilution solvent) into the instrumental calibration range 

and analyzing by ICP-AES (Figure 1).   

 

Calibration Curve and Limits of Quantitation (LOQ) 

Multi-element calibration standards (as specified previously) were analyzed with the freshwater 

verification and WAF sample sets.  The calibration standard series for each analysis was injected at the 

beginning and end of each analytical run.  In addition, a standard was injected following a maximum of 

five sample analyses.  For a given injection of a sample (including standards), the ICP-AES instrument 

integrated the steady-state emission signal at designated emission wavelengths for a method-specified 

period (read time).  The net integrated intensity was then automatically corrected by subtraction of the 

mean corrected intensity of the calibration blank (determined at sequence initiation).  The measurement 

cycle was automatically repeated two additional times during the sample injection (read replicates).  The 

mean of the three measurements produced a mean corrected intensity for each monitored element in the 

sample.  Linear regression equations for each monitored element were generated using m ean corrected 

intensities versus the respective concentrations of the element in the calibration standards.  Representative 

calibration curves for As, Cu, Fe, Ni, Se, S and V are presented in Figures 2 through 8.  The 

concentrations of each of the seven elements in the water samples were calculated by substituting their 

mean corrected intensities into the applicable linear regression equation, and applying the appropriate 

dilution and unit conversion factors.  Representative emission spectra of low- and high-level calibration 

standards are presented in Figures 9 through 11. 
 

The limit of quantitation (LOQ) for each element during the method verification trials in freshwater 

was set as the product of the lowest calibration standard concentration for a given elem ent and the 

dilution factor of the matrix blank samples (1.02).   
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Reagent and Matrix Blank Samples 

Concurrent with the series of matrix fortification samples, two reagent blanks and two m atrix 

blanks for  each component were analyzed to determine possible interferences.  No interferences were 

observed at or above the LOQ during the sample analyses (Tables 2 through 8).  Representative emission 

spectra for each element of interest in reagent blank and matrix blank samples are presented in Figures 12 

through 14. 
 

Freshwater Method Verification Samples 

Freshwater was fortified at the proposed LOQ and 10x LOQ levels for each element using stock 

solutions containing the elements of interest in 2% (v/v) nitric acid in reagent water.  The proposed LOQ 

level for the WAF equilibration trial was defined as the concentration of the lowest fortification sample 

(MAS) of the element.  To verify recoveries of each element at its proposed LOQ level, it was necessary 

to use a lower LOQ level for the method verification trial.  Therefore, as shown in Tables 2 through 8, the 

LOQ used in the verification trial was calculated as the product of the concentration of the lowest 

standard and the dilution factor for the matrix blank samples (1.02).  This enabled the quantification of 

the LOQ to be used for the WAF equilibration tr ial.  Tables 2 through 8 present recoveries of the 

elements of interest at the proposed LOQ and 10x LOQ levels.  Representative emission spectra of low 

and high-level freshwater fortifications are presented in Figures 12 through 14. 

 

Example Calculations 

The analytical result and percent recovery for sample number 472C-105-VMAS-8 for vanadium, 

nominal concentration of 0.400 µg/L in freshwater, were calculated using the following equations: 

 

Vanadium (µg/L) in sample = 
Mean Corrected Intensity - (Y-intercept)

Slope   X  Dilution factor  

 

Mean Corrected Intensity = 80.2 
Y-intercept = 1.3227 
Slope = 206.85 
Dilution Factor = 1.02 
 

Concentration of Vanadium (µg/L) in sample = 
80.2 - 1.3227

206.85    X 1.02 

 
Concentration of Vanadium in sample (µg/L) = 0.389 
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Percent of nominal concentration = 
0.389 (µg/L)
0.400 (µg/L) X 100 

 
Percent of nominal concentration = 97.3% 
 

Preparation of Test Concentrations for the WAF Trial 

 Petroleum coke was mixed directly with dilution water (well water) on a weight:volume basis.  A 

WAF was prepared at a single high concentration of 1000 mg/L in two different size Pyrex® aspirator 

bottles with tubulation. For the first WAF, 12.0 grams of the test substance were transferred into 12,000 

mLs of dilution water contained in a 13.2 L vessel.  For the second WAF, 4.00 grams of test substance 

were transferred into 4000 mLs of dilution water contained in a 4 L vessel.  Solutions were prepared by 

mixing the test solutions with Teflon®-coated stir bars to create a vortex depth of approximately 30% of 

the test solution height.  After mixing, the WAFs were allowed to settle for 30 minutes to one hour.  The 

test solutions were sampled following approximately 24, 48, 72 and 96 hours of mixing.  Samples of each 

test solution were taken from mid-depth of the mixing vessels using graduated pipettes. Samples were 

processed for analysis following the verified methodology (Tables 9 through 15). 
 

RESULTS AND DISCUSSION 

 The calculated instrumental detection limits for As, Cu, Fe, Ni, Se, S and V were 2.2, 1.9, 0.013, 

0.11, 20, 5.6 and 0.035 µg/L, respectively.  These values corresponded to theoretical sample LOQs of  22, 

19, 0.13, 1.1, 199, 56 and 0.35 µg/L, respectively.  These LOQ values were calculated from the product 

of 10 times the instrumental detection limit and the dilution factor for matrix blank samples (1.02).  The 

background screen of the freshwater matrix revealed an appreciable background concentration of sulfur 

(approximately 5 mg/L).  Therefore, the target LOQ for sulfur was raised to twice the background level, 

or 10 mg/L.  In addition, the background screen analyses provided evidence for the need to matrix-match 

the calibration standards to be used in the subsequent verification and WAF trials.  A final factor 

influencing the target LOQs was potential envi ronmental contamination from sources such as dust 

particles in the lab or reagent background.  Two of the elements typically adversely affected from these 

sources are iron and nickel.  Therefore, the target LOQ levels were raised to 10 µg/L for both elements.  

Allowing for preparation at practical concentration levels, the overall target LOQs for As, Cu, Fe, Ni, Se, 

S and V were set at 20.0, 20.0, 10.0, 10.0, 200, 10,000 and 0.400 µg/L, respectively .  These 

concentrations were used as the lowest fortification levels in the WAF equilibration trial. 
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The results of the verification trials for the seven elements of interest at LOQ and 10x LOQ 

fortification levels in freshwater were all within  the acceptance range.  The overall m ean recovery for 

arsenic fortified into freshwater was 104 ± 7.68% of the nominal concentration (Table 2).  The overall 

mean recovery for copper fortified into freshwater was 95.8 ± 8.98% of the nominal concentration (Table 

3).  The overall mean recovery for iron fortified into freshwater was 91.4 ± 6.99% of the nom inal 

concentration (Table 4).  The overall mean recovery for nickel fortified into freshwater was 97.3 ± 8.05% 

of the nominal concentration (Table 5).  The overall mean recovery for selenium fortified into freshwater 

was 93.6 ± 9.04% of the nominal concentration (Table 6).  The overall mean recovery for sulfur fortified 

into freshwater was 97.1 ± 8.24% of the nominal concentration (Table 7).  The overall mean recovery for 

vanadium fortified into freshwater was 98.2 ± 8.59% of the nominal concentration (Table 8).   

 

Water accommodated fractions (WAFs) were analyzed for the presence of the six metals and sulfur 

after mixing for 24, 48, 72 and 96 hours.  Except for a trace of iron contamination in one test vessel, no 

metals were detected in any WAF samples. Sulfur was not detected above the background level in the 

freshwater used.  Representative emission spectra for a WAF sample are presented in Figures 15-17.  A 

blank and two quality  control (QC) sam ples were prep ared and analy zed at each interval.  The QC 

samples were quantitative for all seven elements (Tables 9-15). 

 
CONCLUSIONS 

Instrumental detection limits for six m etals (As, Cu, Fe, Ni, Se, V) and sulfur were established 

using Inductively Coupled Plasma - Atomic Emission Spectrometry (ICP-AES).  Freshwater matrix was 

screened for the seven elem ents.  From these analy ses, theoretical  LOQs were established for each 

element based on the instrumental limits, matrix background level and/or environmental contamination. 

 

Method verification samples containing the six metals and sulfur were fortified in freshwater at the 

LOQ and 10x LOQ levels.  Samples were acidified and either further diluted in acidified freshwater or 

analyzed directly against m etal and sulfur external standards also prepared in freshwater.  Recovery  

samples and standards were analyzed by ICP-AES.  The ICP system was configured for axial plasm a 

viewing and ultrasonic nebulization sample introduction.  The emission wavelengths selected to quantify 

As, Cu, Fe, Ni, Se, S and V were 188.979, 224.700, 239.562, 231.604, 196.026, 180.669 and 292.402 nm, 

respectively.  Each elem ent was quantified against external standards via linear regression analy sis.  

Recoveries of each of the elem ents from freshwater are presented in Tables 2-8.  Linear regression 
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analyses of each of the seven elements are presented in Figures 2-8.  All elements were shown to recover 

quantitatively at the LOQ and 10x LOQ levels. 

 

Water accommodated fractions (WAFs) were analyzed for the presence of the six metals and sulfur 

after mixing for 24, 48, 72 and 96 hours.  Except for a trace of iron contamination in one test vessel, no 

metals were detected in any WAF samples. Sulfur was not detected above the background level in the 

freshwater used.   
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Table 1 
 

Typical ICP-AES Operational Parameters for the Analysis of  
As, Cu, Fe, Ni, Se, S and V in Freshwater 

 
 
Instrument: 

 
Perkin-Elmer Optima 3000 DV Inductively Coupled Plasma 
Atomic Emission Spectrometer (ICP-AES) 
 

 
Sample Introduction System: 
 

 
Cetac U-5000AT+ Ultrasonic Nebulizer 
 

 
Analytical Wavelengths: 
: 

 
As  188.979 nm 
Cu 224.700 nm 
Fe  239.562 nm 
Ni  231.604 nm 
Se  196.026 nm 
S  180.669 nm 
V  292.402 nm 
 

 
Plasma: 

 
Plasma Gas Flow:  15 L/min Ar 
Auxiliary Gas Flow: 0.5 L/min Ar 
Nebulizer Gas Flow: 0.7 L/min Ar 
RF Power:  1300 W 
 

 
Pump: 

 
Sample Flow Rate:  2.00 mL/min 
Sample Flush Time: 15 sec 
Wash Rate:  2.00 mL/min 
Wash Time:  60 sec 
Wash Frequency:  Between Samples 
 

Spectrometer: View Mode:  Axial 
Read Delay:  60 sec 
Read Time:  Min: 10.000 sec  Max: 20.000 sec 
Read Replicates:  3 
Peak Algorithm:  Peak Area 
Points/Peak:  3 
Background Correction: 2-Point 
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Table 2 
 

Method Verification Recoveries of Arsenic in Freshwater Analyzed by ICP-AES 
 

Sample Concentration (µg/L) 
Number 

(472C-105-) 
 

Type 

 
 

Fortified 
 

Measured1,2 

 
Percent 

Recovery2 

Mean 
Measured1 

(µg/L) 

Mean % 
Recovery 
Std. Dev. 
RSD(%) 

VREB-3 
VREB-4 

 

Reagent Blank 
Reagent Blank 

 

 0.0 
0.0 

 

< LOQ 
< LOQ 

 

-- 
-- 
 

-- 
 
 

-- 
 
 

VMAB-3 
VMAB-4 

 

Matrix Blank 
Matrix Blank 

 

 0.0 
0.0 

 

< LOQ 
< LOQ 

 

-- 
-- 
 

-- 
 
 

-- 
 
 

VMAS-6 
VMAS-7 
VMAS-8 
VMAS-9 
VMAS-10 

 
VMAS-16 
VMAS-17 
VMAS-18 
VMAS-19 
VMAS-20 

Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 

 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 

 20.0 
20.0 
20.0 
20.0 
20.0 

 
200 
200 
200 
200 
200 

19.5 
20.4 
19.9 
19.4 
20.0 

 
211 
187 
221 
228 
233 

97.7 
102 
99.4 
97.0 
99.8 

 
106 
93.7 
110 
114 
116 

19.8 
 
 
 
 
 

216 

Mean = 99.2 
Std. Dev. = 1.96 
RSD = 1.97% 

 
 
 

Mean = 108 
Std. Dev. = 8.96 
RSD = 8.30% 

 
 

    Mean = 
Std. Dev.= 
RSD (%) = 

N = 

104 
7.68 

   7.41% 
10 

  

1 The limit of quantitation (LOQ) was 10.2 µg/L, calculated as the product of the concentration of the lowest standard 
(10.0 µg/L) and the dilution factor of the matrix blanks (1.02). 

2 Results were generated using Excel 2000 in the full precision mode.  Manual calculations may differ slightly. 
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Table 3 

 
Method Verification Recoveries of Copper in Freshwater Analyzed by ICP-AES 

 
Sample Concentration (µg/L) 

Number 
(472C-105-) 

 
Type 

 
 

Fortified 
 

Measured1,2 

 
Percent 

Recovery2 

Mean 
Measured1 

(µg/L) 

Mean % 
Recovery 
Std. Dev. 
RSD(%) 

VREB-3 
VREB-4 

 

Reagent Blank 
Reagent Blank 

 

 0.0 
0.0 

 

< LOQ 
< LOQ 

 

-- 
-- 
 

-- 
 
 

-- 
 
 

VMAB-3 
VMAB-4 

 

Matrix Blank 
Matrix Blank 

 

 0.0 
0.0 

 

< LOQ 
< LOQ 

 

-- 
-- 
 

-- 
 
 

-- 
 
 

VMAS-6 
VMAS-7 
VMAS-8 
VMAS-9 
VMAS-10 

 
VMAS-16 
VMAS-17 
VMAS-18 
VMAS-19 
VMAS-20 

Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 

 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 

 20.0 
20.0 
20.0 
20.0 
20.0 

 
200 
200 
200 
200 
200 

20.6 
18.0 
17.7 
16.9 
17.6 

 
186 
182 
208 
215 
216 

103 
90.0 
88.7 
84.3 
87.8 

 
93.2 
91.0 
104 
108 
108 

18.2 
 
 
 
 
 

202 

Mean = 90.8 
Std. Dev. = 7.27 
RSD = 8.01% 

 
 
 

Mean = 101 
Std. Dev. = 8.14 
RSD = 8.08% 

 
 

    Mean = 
Std. Dev.= 
RSD (%) = 

N = 

95.8 
8.98 

   9.37% 
10 

  

1 The limit of quantitation (LOQ) was 10.2 µg/L, calculated as the product of the concentration of the lowest standard 
(10.0 µg/L) and the dilution factor of the matrix blanks (1.02). 

2 Results were generated using Excel 2000 in the full precision mode.  Manual calculations may differ slightly. 
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Table 4 

 
Method Verification Recoveries of Iron in Freshwater Analyzed by ICP-AES 

 
Sample Concentration (µg/L) 

Number 
(472C-105-) 

 
Type 

 
 

Fortified 
 

Measured1,2 

 
Percent 

Recovery2 

Mean 
Measured1 

(µg/L) 

Mean % 
Recovery 
Std. Dev. 
RSD(%) 

VREB-3 
VREB-4 

 

Reagent Blank 
Reagent Blank 

 

 0.0 
0.0 

 

< LOQ 
< LOQ 

 

-- 
-- 
 

-- 
 
 

-- 
 
 

VMAB-3 
VMAB-4 

 

Matrix Blank 
Matrix Blank 

 

 0.0 
0.0 

 

< LOQ 
< LOQ 

 

-- 
-- 
 

-- 
 
 

-- 
 
 

VMAS-6 
VMAS-7 
VMAS-8 
VMAS-9 
VMAS-10 

 
VMAS-16 
VMAS-17 
VMAS-18 
VMAS-19 
VMAS-20 

Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 

 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 

 10.0 
10.0 
10.0 
10.0 
10.0 

 
100 
100 
100 
100 
100 

9.08 
9.01 
8.76 
8.22 
8.53 

 
87.1 
89.2 
97.2 
102 
103 

90.8 
90.1 
87.6 
82.2 
85.3 

 
87.1 
89.2 
97.2 
102 
103 

8.72 
 
 
 
 
 

95.7 

Mean = 87.2 
Std. Dev. = 3.52 
RSD = 4.03% 

 
 
 

Mean = 95.7 
Std. Dev. = 7.26 
RSD = 7.59% 

 
 

    Mean = 
Std. Dev.= 
RSD (%) = 

N = 

91.4 
6.99 

   7.65% 
10 

  

1 The limit of quantitation (LOQ) was 5.10 µg/L, calculated as the product of the concentration of the lowest standard 
(5.00 µg/L) and the dilution factor of the matrix blanks (1.02). 

2 Results were generated using Excel 2000 in the full precision mode.  Manual calculations may differ slightly. 
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Table 5 

 
Method Verification Recoveries of Nickel in Freshwater Analyzed by ICP-AES 

 
Sample Concentration (µg/L) 

Number 
(472C-105-) 

 
Type 

 
 

Fortified 
 

Measured1,2 

 
Percent 

Recovery2 

Mean 
Measured1 

(µg/L) 

Mean % 
Recovery 
Std. Dev. 
RSD(%) 

VREB-3 
VREB-4 

 

Reagent Blank 
Reagent Blank 

 

 0.0 
0.0 

 

< LOQ 
< LOQ 

 

-- 
-- 
 

-- 
 
 

-- 
 
 

VMAB-3 
VMAB-4 

 

Matrix Blank 
Matrix Blank 

 

 0.0 
0.0 

 

< LOQ 
< LOQ 

 

-- 
-- 
 

-- 
 
 

-- 
 
 

VMAS-6 
VMAS-7 
VMAS-8 
VMAS-9 
VMAS-10 

 
VMAS-16 
VMAS-17 
VMAS-18 
VMAS-19 
VMAS-20 

Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 

 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 

 10.0 
10.0 
10.0 
10.0 
10.0 

 
100 
100 
100 
100 
100 

9.18 
9.40 
9.34 
8.79 
9.11 

 
94.2 
95.1 
105 
109 
111 

91.8 
94.0 
93.4 
87.9 
91.1 

 
94.2 
95.1 
105 
109 
111 

9.16 
 
 
 
 
 

103 

Mean = 91.6 
Std. Dev. = 2.39 
RSD = 2.61% 

 
 
 

Mean = 103 
Std. Dev. = 7.82 
RSD = 7.60% 

 
 

    Mean = 
Std. Dev.= 
RSD (%) = 

N = 

97.3 
8.05 

   8.28% 
10 

  

1 The limit of quantitation (LOQ) was 5.10 µg/L, calculated as the product of the concentration of the lowest standard 
(5.00 µg/L) and the dilution factor of the matrix blanks (1.02). 

2 Results were generated using Excel 2000 in the full precision mode.  Manual calculations may differ slightly. 
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Table 6 

 
Method Verification Recoveries of Selenium in Freshwater Analyzed by ICP-AES 

 
Sample Concentration (µg/L) 

Number 
(472C-105-) 

 
Type 

 
 

Fortified 
 

Measured1,2 

 
Percent 

Recovery2 

Mean 
Measured1 

(µg/L) 

Mean % 
Recovery 
Std. Dev. 
RSD(%) 

VREB-3 
VREB-4 

 

Reagent Blank 
Reagent Blank 

 

 0.0 
0.0 

 

< LOQ 
< LOQ 

 

-- 
-- 
 

-- 
 
 

-- 
 
 

VMAB-3 
VMAB-4 

 

Matrix Blank 
Matrix Blank 

 

 0.0 
0.0 

 

< LOQ 
< LOQ 

 

-- 
-- 
 

-- 
 
 

-- 
 
 

VMAS-6 
VMAS-7 
VMAS-8 
VMAS-9 
VMAS-10 

 
VMAS-16 
VMAS-17 
VMAS-18 
VMAS-19 
VMAS-20 

Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 

 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 

 200 
200 
200 
200 
200 

 
2000 
2000 
2000 
2000 
2000 

167 
178 
186 
164 
174 

 
1857 
1842 
2084 
2107 
2137 

83.4 
89.0 
93.2 
82.0 
86.8 

 
92.9 
92.1 
104 
105 
107 

174 
 
 
 
 
 

2005 

Mean = 86.9 
Std. Dev. = 4.47 
RSD = 5.15% 

 
 
 

Mean = 100 
Std. Dev. = 7.18 
RSD = 7.16% 

 
 

    Mean = 
Std. Dev.= 
RSD (%) = 

N = 

93.6 
9.04 

   9.66% 
10 

  

1 The limit of quantitation (LOQ) was 102 µg/L, calculated as the product of the concentration of the lowest standard 
(100 µg/L) and the dilution factor of the matrix blanks (1.02). 

2 Results were generated using Excel 2000 in the full precision mode.  Manual calculations may differ slightly. 
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Table 7 

 
Method Verification Recoveries of Sulfur in Freshwater Analyzed by ICP-AES 

 
Sample Concentration (mg/L) 

Number 
(472C-105-) 

 
Type 

 
 

Fortified 
 

Measured1,2 

 
Percent 

Recovery2 

Mean 
Measured1 

(mg/L) 

Mean % 
Recovery 
Std. Dev. 
RSD(%) 

VREB-3 
VREB-4 

 

Reagent Blank 
Reagent Blank 

 

 0.0 
0.0 

 

< LOQ 
< LOQ 

 

-- 
-- 
 

-- 
 
 

-- 
 
 

VMAB-3 
VMAB-4 

 

Matrix Blank 
Matrix Blank 

 

 0.0 
0.0 

 

< LOQ 
< LOQ 

 

-- 
-- 
 

-- 
 
 

-- 
 
 

VMAS-21 
VMAS-22 
VMAS-23 
VMAS-24 
VMAS-25 

 
VMAS-26 
VMAS-27 
VMAS-28 
VMAS-29 
VMAS-30 

Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 

 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 

 10.0 
10.0 
10.0 
10.0 
10.0 

 
100 
100 
100 
100 
100 

8.74 
8.85 
8.91 
9.32 
9.38 

 
103 
100 
109 
110 
97.1 

87.4 
88.5 
89.1 
93.2 
93.8 

 
103 
100 
109 
110 
97.1 

9.04 
 
 
 
 
 

104 

Mean = 90.4 
Std. Dev. = 2.91 
RSD = 3.22% 

 
 
 

Mean = 104 
Std. Dev. = 5.53 
RSD = 5.33% 

 
 

    Mean = 
Std. Dev.= 
RSD (%) = 

N = 

97.1 
8.24 

   8.48% 
10 

  

1 The limit of quantitation (LOQ) was 5.10 m g/L, calculated as the product of the concentration of the lowest standard 
(5.00 mg/L) and the dilution factor of the matrix blanks (1.02). 

2 Results were generated using Excel 2000 in the full precision mode.  Manual calculations may differ slightly. 
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Table 8 

 
Method Verification Recoveries of Vanadium in Freshwater Analyzed by ICP-AES 

 
Sample Concentration (µg/L) 

Number 
(472C-105-) 

 
Type 

 
 

Fortified 
 

Measured1,2 

 
Percent 

Recovery2 

Mean 
Measured1 

(µg/L) 

Mean % 
Recovery 
Std. Dev. 
RSD(%) 

VREB-3 
VREB-4 

 

Reagent Blank 
Reagent Blank 

 

 0.0 
0.0 

 

< LOQ 
< LOQ 

 

-- 
-- 
 

-- 
 
 

-- 
 
 

VMAB-3 
VMAB-4 

 

Matrix Blank 
Matrix Blank 

 

 0.0 
0.0 

 

< LOQ 
< LOQ 

 

-- 
-- 
 

-- 
 
 

-- 
 
 

VMAS-6 
VMAS-7 
VMAS-8 
VMAS-9 
VMAS-10 

 
VMAS-16 
VMAS-17 
VMAS-18 
VMAS-19 
VMAS-20 

Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 

 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 
Matrix Fortification 

 0.400 
0.400 
0.400 
0.400 
0.400 

 
4.00 
4.00 
4.00 
4.00 
4.00 

0.362 
0.390 
0.389 
0.378 
0.335 

 
3.73 
3.92 
4.30 
4.35 
4.44 

90.5 
97.4 
97.3 
94.6 
83.8 

 
93.2 
97.9 
108 
109 
111 

0.371 
 
 
 
 
 

4.15 

Mean = 92.7 
Std. Dev. = 5.70 
RSD = 6.15% 

 
 
 

Mean = 104 
Std. Dev. = 7.66 
RSD = 7.39% 

 
 

    Mean = 
Std. Dev.= 
RSD (%) = 

N = 

98.2 
8.59 

  8.75% 
10 

  

1 The limit of quantitation (LOQ) was 0.204 µg/L, calculated as the product of the concentration of the lowest standard 
(0.200 µg/L) and the dilution factor of the matrix blanks (1.02). 

2 Results were generated using Excel 2000 in the full precision mode.  Manual calculations may differ slightly. 
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Table 9 
 

Matrix Blanks, Matrix Fortifications and Measured Concentrations of Arsenic in 
Samples Collected from a Water Accommodated Fraction (WAF) Equilibration Trial 

Analyzed by ICP-AES 

 
Nominal 

Concentration 

(µg/L) 

Sample 

Identification 
(472C-105-) 

Sampling 

Interval 
(Hour) 

Measured 

Concentration 
(µg/L)1 

Percent 

of 
Nominal1 

 

0.0 

 

MAB-1 

MAB-2 
MAB-3 
MAB-4 

 

 

24 

48 
72 
96 

 

< 20.0 

< 20.0 
< 20.0 
< 20.0 

 

-- 

-- 
-- 
-- 

 

20.0 

 
MAS-1 
MAS-3 
MAS-5 
MAS-7 

 

 
24 
48 
72 
96 

 
23.8 
23.4 
23.4 
25.2 

 
119 
117 
117 
126 

 

200 

 

 

 
MAS-2 
MAS-4 
MAS-6 
MAS-8 

 

 
24 
48 
72 
96 

 
203 
198 
193 
214 

 
102 
98.9 
96.3 
107 

 
10000002 

 
WAF-13  
WAF-24 
WAF-33 
WAF-44 
WAF-53 
WAF-64 
WAF-73 
WAF-84 

 
24 
24 
48 
48 
72 
72 
96 
96 

 
< 20.05 
< 20.0 
< 20.0 
< 20.0 
< 20.0 
< 20.0 
< 20.0 
< 20.0 

 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 

1 Results were generated using Excel 2000 in full precision mode.  Manual calculations may differ slightly. 
2 Nominal petroleum coke test substance concentration. 
3 Samples from a 13.2-L WAF bottle. 
4 Samples from a 4-L WAF bottle. 
5 All WAF sample results are the mean of duplicate analyses. 
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Table 10 
 

Matrix Blanks, Matrix Fortifications and Measured Concentrations of Copper in 
Samples Collected from a Water Accommodated Fraction (WAF) Equilibration Trial 

Analyzed by ICP-AES 
 

Nominal 

Concentration 

(µg/L) 

Sample 

Identification 
(472C-105-) 

Sampling 

Interval 
(Hour) 

Measured 

Concentration 
(µg/L)1 

Percent 

of 
Nominal1 

 

0.0 

 

MAB-1 

MAB-2 
MAB-3 
MAB-4 

 

 

24 

48 
72 
96 

 

< 20.0 

< 20.0 
< 20.0 
< 20.0 

 

-- 

-- 
-- 
-- 

 

20 

 
MAS-1 
MAS-3 
MAS-5 
MAS-7 

 

 
24 
48 
72 
96 

 
17.65 
19.4 
18.6 
19.5 

 
88.1 
96.8 
93.1 
97.5 

 

200 

 

 

 
MAS-2 
MAS-4 
MAS-6 
MAS-8 

 

 
24 
48 
72 
96 

 
172 
182 
170 
188 

 
86.1 
91.1 
85.2 
93.9 

 
10000002 

 
WAF-13  
WAF-24 
WAF-33 
WAF-44 
WAF-53 
WAF-64 
WAF-73 
WAF-84 

 
24 
24 
48 
48 
72 
72 
96 
96 

 
< 20.06 
< 20.0 
< 20.0 
< 20.0 
< 20.0 
< 20.0 
< 20.0 
< 20.0 

 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 

1 Results were generated using Excel 2000 in full precision mode.  Manual calculations may differ slightly. 
2 Nominal petroleum coke test substance concentration. 
3 Samples from a 13.2-L WAF bottle. 
4 Samples from a 4-L WAF bottle. 
5 Measured values greater than one-half the limit of quantitation (LOQ) in LOQ-level fortifications are 

reported. 
6 All WAF sample results are the mean of duplicate analyses. 
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Table 11 
 

Matrix Blanks, Matrix Fortifications and Measured Concentrations of Iron in 
Samples Collected from a Water Accommodated Fraction (WAF) Equilibration Trial 

Analyzed by ICP-AES 
 

Nominal 

Concentration 

(µg/L) 

Sample 

Identification 
(472C-105-) 

Sampling 

Interval 
(Hour) 

Measured 

Concentration 
(µg/L)1 

Percent 

of 
Nominal1 

 

0.0 

 

MAB-1 

MAB-2 
MAB-3 
MAB-4 

 

 

24 

48 
72 
96 

 

< 10.0 

< 10.0 
< 10.0 
< 10.0 

 

-- 

-- 
-- 
-- 

 

10.0 

 
MAS-1 
MAS-3 
MAS-5 
MAS-7 

 

 
24 
48 
72 
96 

 
9.695 
10.2 
9.24 
10.1 

 
96.9 
102 
92.4 
101 

 

100 

 

 

 
MAS-2 
MAS-4 
MAS-6 
MAS-8 

 

 
24 
48 
72 
96 

 
89.1 
93.3 
84.0 
96.6 

 
89.1 
93.3 
84.0 
96.6 

 
10000002 

 
WAF-13  
WAF-24 
WAF-33 
WAF-44 
WAF-53 
WAF-64 
WAF-73 
WAF-84 

 
24 
24 
48 
48 
72 
72 
96 
96 

 
< 10.06 
< 10.0 
< 10.0 
11.3 

< 10.0 
--7 

< 10.0 
14.5 

 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 

1 Results were generated using Excel 2000 in full precision mode.  Manual calculations may differ slightly. 
2 Nominal petroleum coke test substance concentration. 
3 Samples from a 13.2-L WAF bottle. 
4 Samples from a 4-L WAF bottle. 
5 Measured values greater than one-half the limit of quantitation (LOQ) in LOQ-level fortifications are 

reported. 
6 All WAF sample results are the mean of duplicate analyses. 
7 The measured value for the first replicate was <10.0 µg/L and was 11.5 µg/L for the second replicate. 
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Table 12 
 

Matrix Blanks, Matrix Fortifications and Measured Concentrations of Nickel in 
Samples Collected from a Water Accommodated Fraction (WAF) Equilibration Trial 

Analyzed by ICP-AES 
 

Nominal 

Concentration 

(µg/L) 

Sample 

Identification 
(472C-105-) 

Sampling 

Interval 
(Hour) 

Measured 

Concentration 
(µg/L)1 

Percent 

of 
Nominal1 

 

0.0 

 

MAB-1 

MAB-2 
MAB-3 
MAB-4 

 

 

24 

48 
72 
96 

 

< 10.0 

< 10.0 
< 10.0 
< 10.0 

 

-- 

-- 
-- 
-- 

 

10.0 

 
MAS-1 
MAS-3 
MAS-5 
MAS-7 

 

 
24 
48 
72 
96 

 
9.015 
9.96 
9.65 
9.93 

 
90.1 
99.6 
96.5 
99.3 

 

100 

 

 

 
MAS-2 
MAS-4 
MAS-6 
MAS-8 

 

 
24 
48 
72 
96 

 
86.4 
91.4 
85.1 
94.8 

 
86.4 
91.4 
85.1 
94.8 

 
10000002 

 
WAF-13  
WAF-24 
WAF-33 
WAF-44 
WAF-53 
WAF-64 
WAF-73 
WAF-84 

 
24 
24 
48 
48 
72 
72 
96 
96 

 
< 10.06 
< 10.0 
< 10.0 
< 10.0 
< 10.0 
< 10.0 
< 10.0 
< 10.0 

 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 

1 Results were generated using Excel 2000 in full precision mode.  Manual calculations may differ slightly. 
2 Nominal petroleum coke test substance concentration. 
3 Samples from a 13.2-L WAF bottle. 
4 Samples from a 4-L WAF bottle. 
5 Measured values greater than one-half the limit of quantitation (LOQ) in LOQ-level fortifications are 

reported. 
6 All WAF sample results are the mean of duplicate analyses. 
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Table 13 
 

Matrix Blanks, Matrix Fortifications and Measured Concentrations of Selenium in 
Samples Collected from a Water Accommodated Fraction (WAF) Equilibration Trial 

Analyzed by ICP-AES 
 

Nominal 

Concentration 

(µg/L) 

Sample 

Identification 
(472C-105-) 

Sampling 

Interval 
(Hour) 

Measured 

Concentration 
(µg/L)1 

Percent 

of 
Nominal1 

 

0.0 

 

MAB-1 

MAB-2 
MAB-3 
MAB-4 

 

 

24 

48 
72 
96 

 

< 200 

< 200 
< 200 
< 200 

 

-- 

-- 
-- 
-- 

 

200 

 
MAS-1 
MAS-3 
MAS-5 
MAS-7 

 

 
24 
48 
72 
96 

 
1665 
185 
175 
180 

 
83.0 
92.6 
87.7 
89.8 

 

2000 

 

 

 
MAS-2 
MAS-4 
MAS-6 
MAS-8 

 

 
24 
48 
72 
96 

 
1656 
1801 
1742 
1974 

 
82.8 
90.1 
87.1 
98.7 

 
10000002 

 
WAF-13  
WAF-24 
WAF-33 
WAF-44 
WAF-53 
WAF-64 
WAF-73 
WAF-84 

 
24 
24 
48 
48 
72 
72 
96 
96 

 
< 2006 
< 200 
< 200 
< 200 
< 200 
< 200 
< 200 
< 200 

 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 

1 Results were generated using Excel 2000 in full precision mode.  Manual calculations may differ slightly. 
2 Nominal petroleum coke test substance concentration. 
3 Samples from a 13.2-L WAF bottle. 
4 Samples from a 4-L WAF bottle. 
5 Measured values greater than one-half the limit of quantitation (LOQ) in LOQ-level fortifications are 

reported. 
6 All WAF sample results are the mean of duplicate analyses. 

 



 
 

Wildlife International, Ltd. Project Number 472C-105 

 
- 37 - 

 

 

Table 14 
 

Matrix Blanks, Matrix Fortifications and Measured Concentrations of Sulfur in 
Samples Collected from a Water Accommodated Fraction (WAF) Equilibration Trial 

Analyzed by ICP-AES 
 

Nominal 

Concentration 

(mg/L) 

Sample 

Identification 
(472C-105-) 

Sampling 

Interval 
(Hour) 

Measured 

Concentration 
(mg/L)1 

Percent 

of 
Nominal1 

 

0.0 

 

MAB-1 

MAB-2 
MAB-3 
MAB-4 

 

 

24 

48 
72 
96 

 

< 10.0 

< 10.0 
< 10.0 
< 10.0 

 

-- 

-- 
-- 
-- 

 

10.0 

 
MAS-1 
MAS-3 
MAS-5 
MAS-7 

 

 
24 
48 
72 
96 

 
9.615 
9.27 
10.1 
9.64 

 
96.1 
92.7 
101 
96.4 

 

100 

 

 

 
MAS-2 
MAS-4 
MAS-6 
MAS-8 

 

 
24 
48 
72 
96 

 
88.2 
99.6 
98.7 
96.1 

 
88.2 
99.6 
98.7 
96.1 

 
1000 2 

 
WAF-13  
WAF-24 
WAF-33 
WAF-44 
WAF-53 
WAF-64 
WAF-73 
WAF-84 

 
24 
24 
48 
48 
72 
72 
96 
96 

 
< 10.06 
< 10.0 
< 10.0 
< 10.0 
< 10.0 
< 10.0 
< 10.0 
< 10.0 

 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 

1 Results were generated using Excel 2000 in full precision mode.  Manual calculations may differ slightly. 
2 Nominal petroleum coke test substance concentration. 
3 Samples from a 13.2-L WAF bottle. 
4 Samples from a 4-L WAF bottle. 
5 Measured values greater than one-half the limit of quantitation (LOQ) in LOQ-level fortifications are 

reported. 
6 All WAF sample results are the mean of duplicate analyses. 
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Table 15 
 

Matrix Blanks, Matrix Fortifications and Measured Concentrations of Vanadium in 
Samples Collected from a Water Accommodated Fraction (WAF) Equilibration Trial 

Analyzed by ICP-AES 
 

Nominal 

Concentration 

(µg/L) 

Sample 

Identification 
(472C-105-) 

Sampling 

Interval 
(Hour) 

Measured 

Concentration 
(µg/L)1 

Percent 

of 
Nominal1 

 

0.0 

 

MAB-1 

MAB-2 
MAB-3 
MAB-4 

 

 

24 

48 
72 
96 

 

< 0.400 

< 0.400 
< 0.400 
< 0.400 

 

-- 

-- 
-- 
-- 

 

0.400 

 
MAS-1 
MAS-3 
MAS-5 
MAS-7 

 

 
24 
48 
72 
96 

 
0.3805 
0.388 
0.389 
0.390 

 
94.9 
97.1 
97.1 
97.5 

 

4.00 

 

 

 
MAS-2 
MAS-4 
MAS-6 
MAS-8 

 

 
24 
48 
72 
96 

 
3.48 
3.65 
3.50 
3.89 

 
86.9 
91.2 
87.4 
97.3 

 
1000000 2 

 
WAF-13  
WAF-24 
WAF-33 
WAF-44 
WAF-53 
WAF-64 
WAF-73 
WAF-84 

 
24 
24 
48 
48 
72 
72 
96 
96 

 
< 0.4006 
< 0.400 
< 0.400 
< 0.400 
< 0.400 
< 0.400 
< 0.400 
< 0.400 

 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 

1 Results were generated using Excel 2000 in full precision mode.  Manual calculations may differ slightly. 
2 Nominal petroleum coke test substance concentration. 
3 Samples from a 13.2-L WAF bottle. 
4 Samples from a 4-L WAF bottle. 
5 Measured values greater than one-half the limit of quantitation (LOQ) in LOQ-level fortifications are 

reported. 
6 All WAF sample results are the mean of duplicate analyses. 
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METHOD OUTLINE FOR THE DETERMINATION OF 
As, Cu, Fe, Ni, Se, S and V IN FRESHWATER 

 

Rinse all glassware with 2% (v/v) nitric acid in reagent water solution. 
 
↓ 
 

Prepare quality control (QC) samples at each sampling interval as follows:  Prepare matrix 
fortification samples by spiking the requisite volume(s) of the appropriate combined and/or 

individual element stock solution(s) directly into freshwater.  Perform fortifications with calibrated 
micropipetors and graduated plastic centrifuge tubes.  Bring to final volume with freshwater.  The 

matrix blank consists of unfortified freshwater. 
 
↓ 
 

Partially fill a 15-mL plastic centrifuge tube with each sample.  Using a calibrated micropipetor, 
fortify each QC and test sample with 200 µL of concentrated nitric acid.  Bring to final volume 

with the sample.  Cap the centrifuge tubes and mix well with several repeat inversions.  For 
samples not requiring further dilution into the calibration range of the ICP-AES methodology, 

submit for analysis. 
 
↓ 
 

For those samples requiring dilution into the calibration range of the ICP-AES methodology, 
perform dilutions using graduated plastic centrifuge tubes, calibrated micropipetor(s), and 2% (v/v) 

nitric acid in freshwater solution.  Mix dilutions well and transfer into separate, labeled, 15-mL 
plastic centrifuge tubes.  Submit for ICP-AES analysis. 

 
 

 
 
Figure 1.  Analytical method flowchart for the analysis of As, Cu, Fe, Ni, Se, S and V in  

freshwater analyzed by ICP-AES. 
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Figure 2. Representative calibration curve for arsenic analyzed by ICP-AES. 

Slope = 2.5366;  Intercept = -9.6221,  R2 = 0.9958. 
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Figure 3. Representative calibration curve for copper analyzed by ICP-AES. 

Slope = 35.749;  Intercept = -41.605;  R2 = 0.9991. 
 
 



 
 

Wildlife International, Ltd. Project Number 472C-105 

 
- 42 - 

 

 

 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

0.0 10.0 20.0 30.0 40.0 50.0 60.0

Concentration  (ug Fe/L)

M
ea

n 
C

or
re

ct
ed

 In
te

ns
ity

, c
ps

 
 
Figure 4. Representative calibration curve for iron analyzed by ICP-AES. 

Slope = 77.377;  Intercept = -19.151;  R2 = 0.9983. 
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Figure 5.  Representative calibration curve for nickel analyzed by ICP-AES. 
  Slope = 37.044;  Intercept = -11.989;  R2 = 0.9992. 
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Figure 6. Representative calibration curve for selenium analyzed by ICP-AES. 

Slope = 0.60112;  Intercept = 15.386;  R2 = 0.9982. 
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Figure 7. Representative calibration curve for sulfur analyzed by ICP-AES. 

Slope = 1033.4;  Intercept = -35.262;  R2 = 0.9990. 
 
 



 
 

Wildlife International, Ltd. Project Number 472C-105 

 
- 46 - 

 

 

 

0

100

200

300

400

500

600

0.0 0.5 1.0 1.5 2.0 2.5

Concentration  (ug V/L)

M
ea

n 
C

or
re

ct
ed

 In
te

ns
ity

, c
ps

 
 
Figure 8.  Representative calibration curve for vanadium analyzed by ICP-AES. 

Slope = 265.72; Intercept = 1.4112;  R2 = 0.9986. 
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Figure 9. Representative emission spectra for arsenic (top), copper (middle) and iron (bottom) in low- 
and high-level calibration standards prepared in freshwater and analyzed by ICP-AES. 

 
Squares = freshwater matrix blank (I.D.: 472C-105-MAB-3); Diamonds = low-level standard (I.D.: 472C-105-
VALCAL-11); Triangles = high-level standard (I.D.: 472C-105-VALCAL-15).  Nominal concentrations for As, 
Cu and Fe = 10.0, 10.0 and 5.00 µg/L and 100, 100 and 50.0 µg/L, in the low- and high-level standards, 
respectively.  
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Figure 10. Representative emission spectra for nickel (top), selenium (middle) and vanadium (bottom) 

in low- and high-level calibration standards pr epared in freshwater and analyzed by ICP-
AES. 

 
Squares = freshwater matrix blank (I.D.: 472C-105-MAB-3); Diamonds = low-level standard (I.D.: 472C-105-
VALCAL-11); Triangles = high-level standard (I.D.: 472C-105-VALCAL-15).  Nominal concentrations for Ni, 
Se and V = 5.00, 100 and 0.200 µg/L and 50.0, 1000 and 2.00 µg/L, in the low- and high-level standards, 
respectively. 
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Figure 11 Representative em ission spectra for sulfur in  low- and high-level calibration standards 

prepared in freshwater and analyzed by ICP-AES. 
 
Squares = freshwater matrix blank (I.D.: 472C-105-MAB-S-3); Diamonds = low-level standard (I.D.: 472C-
105-S-6); Triangles = high-level standard (I.D.: 472C-105-S-10).  Nominal concentrations for S = 5.00 and 50.0 
mg/L in the low- and high-level standards, respectively. 
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Figure 12. Representative emission spectra for arsenic (top), copper (m iddle) and iron (bottom) in 
reagent and matrix blank sam ples and low- and high-level m atrix fortification sam ples 
prepared in freshwater and analyzed by ICP-AES. 

 

Circles = reagent blank (I.D.: 472C-105-VREB-3, Df = 1.02x); Squares = freshwater matrix blank (I.D.: 472C-
105-VMAB-3, Df = 1.02x); Diamonds = low-level matrix fortification (I.D.: 472C-105-VMAS-6, Df = 1.02x); 
Triangles = high-level matrix fortification (I.D.: 472C-105-VMAS-16, Df = 5.00x).  Nominal concentrations for 
As, Cu and Fe = 20.0, 20.0 and 10.0 µg/L and 200, 200 and 100 µg/L, in the low- and high-level matrix 
fortifications, respectively. 
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Figure 13. Representative emission spectra for nickel (top), selenium (middle) and vanadium (bottom) 
in reagent and matrix blank samples and low- and high-level m atrix fortification samples 
prepared in freshwater and analyzed by ICP-AES. 

 

Circles = reagent blank (I.D.: 472C-105-VREB-3, Df = 1.02x); Squares = freshwater matrix blank 
(I.D.: 472C-105-VMAB-3, Df = 1.02x); Diamonds = low-level matrix fortification (I.D.: 472C-105-
VMAS-6, Df = 1.02x); Triangles = high-level matrix fortification (I.D.: 472C-105-VMAS-16, Df = 
5.00x).  Nominal concentrations for Ni, Se and V = 10.0, 200 and 0.400 µg/L and 100, 2000 and 4.00 
µg/L, in the low- and high-level matrix fortifications, respectively. 
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Figure 14. Representative emission spectra for sulfur in reagent and matrix blank samples and in low- 

and high-level matrix fortification samples prepared in freshwater and analyzed by ICP-AES. 
 
Circles = reagent blank (I.D.: 472C-105-VREB-3, Df = 1.02x); Squares = freshwater matrix blank 
(I.D.: 472C-105-VMAB-3, Df = 1.02x); Diamonds = low-level matrix fortification (I.D.: 472C-105-
VMAS-21, Df = 1.02x); Triangles = high-level matrix fortification (I.D.: 472C-105-VMAS-26, Df = 
5.00x).  Nominal concentrations for S = 10.0 and 100 mg/L in the low- and high-matrix fortifications, 
respectively.
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Figure 15. Representative emission spectra of arsenic (top), copper (middle) and iron (bottom) in a test 
sample  

(472C-105-5A, 1.00 mg/mL petroleum coke nominal concentration) from the WAF trial 
analyzed by ICP-AES. 
 

Squares = freshwater matrix blank (I.D.: 472C-105-MAB-3, Df = 1.02x); Triangles = 72 hour WAF test sample. 
 The arrows indicate expected wavelength for each element response.  Note: the trace of iron was attributed to 
test chamber contamination. 
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Figure 16.  Representative emission spectra of nickel (top), selenium (middle) and vanadium (bottom) in 

a test sample (472C-105-5A, 1.00 mg/mL petroleum coke nominal concentration) from the 
WAF trial 
analyzed by ICP-AES. 
 

Squares = freshwater matrix blank (I.D.: 472C-105-MAB-3, Df = 1.02x); Triangles = 72 hour WAF test sample. 
 The arrows indicate expected wavelength for each element response.  
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Figure 17. Representative emission spectra of sulfur in a test sam ple (472C-105-5A, 1.00 m g/mL 

petroleum coke nominal concentration) from the WAF trial analyzed by ICP-AES. 
 

Squares = freshwater matrix blank (I.D.: 472C-105-MAB-3, Df = 1.02x); Triangles = 72 hour WAF test sample. 
 The arrow indicates expected wavelength for sulfur response. 
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Protocol and Protocol Amendments 
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Wildlife International, Ltd. Project Number 472C-105 

 
- 76 - 

 

 

Certificate of Analysis for 1000 mg/L Arsenic 
 

 



 
 

Wildlife International, Ltd. Project Number 472C-105 

 
- 77 - 

 

 

Certificate of Analysis for 1000 mg/L Copper 
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Certificate of Analysis for 1000 mg/L Iron 
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Certificate of Analysis for 1000 mg/L Nickel 
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Certificate of Analysis for 1000 mg/L Selenium 
 

 



 
 

Wildlife International, Ltd. Project Number 472C-105 

 
- 81 - 

 

 

Certificate of Analysis for 1000 mg/L Sulfur 
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Certificate of Analysis for 10,000 mg/L Sulfur 
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Certificate of Analysis for 1000 mg/L Vanadium 
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Chevron Metals Analyses 
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Lancaster Laboratory PAH Analyses 
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Aveka, Inc. Milling Particle Size Analysis 
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Appendix 3 
 

Specific Conductance, Hardness, Alkalinity and pH of Well Water Measured 
During the 4-Week Period Immediately Preceding the Freshwater Verification Test 

 
 

 
 

 
Mean 

 
Range 

 
Specific Conductance 
      (µmhos/cm) 
 

 
310 (N = 4) 

 
310 – 310 

 
Hardness 
      (mg/L as CaC03) 
 

 
131 (N = 4) 

 
128 – 136 

 
Alkalinity 
      (mg/L as CaC03) 
 

 
181 (N = 4) 

 
180 – 182 

 
pH 

 
8.2 (N = 4) 

 
8.0 – 8.3 
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Appendix 4 
 

Analyses of Pesticides, Organics and Metals in Wildlife International, Ltd. Well Water1 

 
Pesticides and Organics 

Component 
Measured Concentration

(µg/L) Component 
Measured Concentration 

(µg/L) 
    

Aldrin < 0.0099 Heptachlor Epoxide < 0.0099 
Alpha BHC < 0.0099 Malathion < 2.0 
Beta BHC < 0.040 Merphos < 2.0 
Bolstar < 2.0 Methoxychlor < 0.099 
Chlordane < 0.50 Methyl Parathion < 2.0 
Coumaphos < 3.0 Mevinphos < 2.0 
Delta BHC < 0.0099 Mirex < 0.050 
Demeton-O < 2.0 Naled < 3.0 
Demeton-S < 2.0 o,p-DDD < 0.020 
Diazinon < 2.0 o,p-DDE < 0.020 
Dichlorvos < 2.0 o,p-DDT < 0.020 
Dieldrin < 0.020 p,p-DDD < 0.020 
Disulfoton < 2.0 p,p-DDE < 0.020 
Dursban (Chlorpyrifos) < 2.0 p,p-DDT < 0.025 
Endosulfan I < 0.0099 PCB-1016 < 0.50 
Endosulfan II < 0.042 PCB-1221 < 1.2 
Endosulfan Sulfate < 0.020 PCB-1232 < 0.89 
Endrin < 0.020 PCB-1242 < 0.50 
EPN < 4.0 PCB-1248 < 0.50 
Ethion < 2.0 PCB-1254 < 0.50 
Ethoprop < 2.0 PCB-1260 < 0.50 
Ethyl Parathion < 2.0 Phorate < 2.0 
Famphur < 2.0 Ronnel < 2.0 
Fensulfothion < 4.0 Stirophos < 2.0 
Fenthion < 2.0 Telodrin < 0.0099 
Gamma BHC – Lindane < 0.0099 Tokuthion < 2.0 
Guthion (Azinphos-methyl) < 4.0 Toxaphene < 0.99 
HCB < 0.099 Trichloronate < 2.0 
Heptachlor < 0.0099 Trithion < 2.0 

    
1Analyses performed by Lancaster Laboratories on samples collected on December 22, 2004. 
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Appendix 4 (Continued) 

 
Analyses of Pesticides, Organics and Metals in Wildlife International, Ltd. Well Water1 

 
Metals 

Component 
Measured Concentration 

(mg/L) Component 
Measured Concentration 

(mg/L) 
    
Aluminum < 0.200 Magnesium 12.7 
Antimony < 0.0200 Manganese < 0.0050 
Arsenic < 0.0100 Mercury  < 0.00020 
Barium < 0.0050 Nickel < 0.0100 
Beryllium < 0.0050 Nitrate Nitrogen < 0.50 
Bromide < 2.5 Nitrite Nitrogen < 0.50 
Cadmium < 0.0050 Potassium 6.64 
Calcium 31.1 Selenium < 0.0100 
Chloride 6.9 Silver < 0.0050 
Chromium < 0.0050 Sodium 19.7 
Cobalt < 0.0050 Sulfate 5.5 
Copper < 0.0100 Thallium < 0.0200 
Fluoride < 0.50 Vanadium < 0.0050 
Iron < 0.200 Zinc < 0.0200 
Lead < 0.0200   

 

1Analyses performed by Lancaster Laboratories on samples collected on December 22, 2004. 
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Appendix 5 
 

Personnel Involved in the Study 
 
 

 The following key Wildlife International, Ltd. personnel were involved in the conduct or management of 

this study: 
 
 

1. 
2. 
3.  
4. 
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Appendix 6 
 

Report Amendment 
 

1. Original Report: Title Page 
Amended Report: The amended report date was added.  The total number of 

pages was changed from 102 to 115. 
Reason: To indicate that the report was amended and note change in 

pagination.  
 
2. Original Report: Page 2 

Amended Report: The amended report date was added and new signatures and 
dates were added.   

Reason: To show the amended report date and to provide new 
signatures and dates for the amended report.   

 
3.   Original Report:  Page 3 
   Amended Report:  The audit dates fo r the am ended report were added and a 

new signature and date were added. 
 Reason: To show the amended report audit dates and 

to provide a new signature and date for the 
amended report. 

 
4.   Original Report:   Page 4 
   Amended Report:  New signatures and dates were added. 
   Reason:  To provide new signatures and dates for the amended report. 
 
5.   Original Report:  Page 8 
   Amended Report:  The Table of Contents was updated to show the addition of 

the Test Article Selection section in Appendix 2 and to add 
the Report Amendment appendix (Appendix 6). 

   Reason:   The Sponsor requested that the Test Article Selection section 
be added to Appendix 2. 

 
6.  Original Report:  Page 12 
  Amended Report:  The method of selection was added to the Test Substance 

Section. 
  Reason:   The Sponsor requested that the method of selection be added 

to the final report. 
 
7.   Original Report:  Page 84 
   Amended Report:  Test Article Selection was added to Appendix 2. 
 Reason: The Sponsor requested that the Test Article 

Selection section be added to Appendix 2. 

 



Wildlife International, Ltd. Project Number 4 7 2 ~ -  105 

Appendix 6 

(continued) 

Report Amendment 

Original Report: Pages 84- 102 
Amended Report: The Test Article Selection section was added 

to Appendix 2, therefore all pages thereafter 
were renumbered. 

Reason: The Sponsor requested that the Test Article 
Selection section be added to Appendix 2. 

AMENDMENT SIGNATURES: 

f~ 
Date / 

Date 

AMENDED 
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