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Foreword

THIS PUBLICATION, Spectroscopic Analysis of Petroleum Products
and Lubricants, was sponsored by Committee D02 on Petroleum
Products and Lubricants. The Editor is R. A. Kishore Nadkarni, Millen-
nium Analytics, Inc., East Brunswick, NJ. This is Monograph 9 in
ASTM’s monograph series.
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Overview of Spectroscopic Analysis of
Petroleum Products and Lubricants

R. A. Kishore Nadkarni'

FOR MORE THAN A CENTURY, ANALYTICAL CHEMISTRY HAS
played a crucial role in the characterization of petroleum products and lubri-
cants for their chemical and physical properties. Virtually all available well-
known and many notso-well-known analytical techniques have been used for
this task. ASTM International Committee D02 on Petroleum Products and
Lubricants has been a critical partner in standardizing such methodology, as
evident from its compilation of nearly 600 analytical standards [1,2].

Although the analytical techniques may have been developed in universities
and instrument vendors’ laboratories, their applicability in the oil industry has
progressed through the work done in the research and development laborato-
ries of each of the large oil companies. There are some notable exceptions to
this statement. Widely popular techniques and instruments such as apparent
viscosity by cold cranking simulator (D5293) and by mini-rotary viscometer
(D4684) were developed by Marvin Smith of Exxon Chemical Company in Lin-
den, New Jersey; chemiluminiscent detection of nitrogen (D4629) and ultravio-
let fluorescence (UV-Fl) detection for sulfur (D5453) were developed by Dr.
Harry Druschel of Exxon Research and Development Laboratory in Baton
Rouge, Louisiana; and ion chromatography by Drs. Hamish Small and col-
leagues of Dow Chemical Company in Midland, Michigan. All of these went on
to become successful analytical instrumentation for companies such as Can-
non, Antek, and Dionex, respectively.

Particularly in the elemental analysis area of petrochemicals, spectroscopy
has played a crucial role, as evident from the proceedings of two ASTM sympo-
siums in 1989 and 2004 [3,4]. The goal of publishing this monograph is to
bring together the most widely used spectroscopic techniques used for analyz-
ing petroleum products and lubricants. The words spectroscopy, spectrography,
and spectrometry are sometimes used synonymously in the literature. The
International Union of Pure and Applied Chemistry (IUPAC) defines spectro-
chemical analysis as a technique where wavelength is used to define a position
within a spectrum to identify a specific element emitting light at that wave-
length. If the emitted light is measured with the help of a photographic plate
or a similar device, the technique is called spectrography. The term spectros-
copy can be replaced by the more restrictive term spectrometry when inten-
sities at one or more wavelengths are measured quantitatively with a
spectrometer. Usually the measurements are taken with a photoelectric detec-
tor. Wavelength selection can be accomplished with a monochromator or an
optical filter [5].

! Millennium Analytics, Inc., East Brunswick, NJ

Copyright © 2011 by ASTM International ~ www.astm.org



4 SPECTROSCOPIC ANALYSIS OF PETROLEUM PRODUCTS AND LUBRICANTS

A BRIEF HISTORY OF SPECTROSCOPY [6]

Spectroscopy can trace its beginnings to Sir Isaac Newton’s observations of the
prism spectrum of the sun, published in 1672. A Scottish scientist, Thomas Mel-
ville, reported in 1752 his observations on the spectra of mixtures of spirits
with sea salts and the transition from bright yellow to the fainter color adjoin-
ing it when the flame contained salt. In 1800, astronomer F. W. Herschel dis-
covered infrared radiation when he noted the differing sensations of heat while
viewing the sun through combinations of colored glasses. A year later, J. W. Rit-
ter revealed the presence of ultraviolet radiation.

A number of other workers over the years—Thomas Young in 1802, W. H.
Wollaston in 1802, Josef Fraunhofer in 1817, and others—continued investigat-
ing the nature of light and attempting to isolate and identify the components
of the spectrum. Perhaps the discovery of spectrochemical analysis can be
attributed to the Scottish worker W. H. Fox Talbot, who from 1826 to 1834
observed flames colored by different salts using a crude but effective spectro-
scope. However, it was the work of Gustav Kirchoff (1859) and Robert Wilhelm
Bunsen (1860) that gave one of the earliest examples of spectroscopic discov-
eries, which depended on the work in a completely different area. These two
scientists formulated the laws of light absorption and emission in flames. Fur-
ther advances included the work of A. J. Angstrom on improved diffraction gra-
tings to measure wavelengths, and that of J. N. Lockyer and W. C. Roberts
through observations of line lengths. However, after the early work of these sci-
entists, little to no progress was made in using spectroscopy in practical chemi-
cal analysis. As late as 1910, H. Kayser stated, “There is little prospect that
in the future qualitative analysis will apply spectroscopic methods to a large
extent...I have come to the conclusion that quantitative spectroscopic analysis
has shown itself to be impractical.” In 1922, A. de Gramont wrote, “French
chemists have an indolent dread of spectral analysis....has declared publicly that
ever since Bunsen and Kirchoff, spectral analysis has been a deception and has
made no progress from a practical point of view.”

It was not until the 1950s that the spectroscopic technique which was to
revolutionize metal analysis was promoted by an Australian, Sir Alan Walsh.
Atomic absorption spectrophotometry (AAS), as it was called, did not have a
smooth passage either. Walsh had to evangelize the technique by extensive trav-
eling and lecturing in the United States, United Kingdom, South Africa, New
Zealand, and Australia. Eventually, the simplicity of the technique and its revo-
lutionary impact on classical analysis were recognized, making AAS a primary
spectroscopic technique for metal analysis at one time. The rest is history!

Diverse techniques such as AAS, atomic fluorescence spectrometry (AFS),
graphite furnace AAS (GF-AAS), cold vapor AAS (CV-AAS), ion chromatography
(IC), inductively coupled plasma-atomic emission spectrometry (ICP-AES), gas
chromatography (GC), liquid chromatography (LC), GC-mass spectrometry (MS),
ICP-MS, isotope dilution MS (ID-MS), neutron activation analysis (NAA), nuclear
magnetic resonance (NMR), and Xray fluorescence (XRF), both wavelength-
dispersive and energy-dispersive techniques, are discussed in this monograph as
pertaining to their applications in the oil industry. Within the confines of the
IUPAC definition of spectroscopic methods of analysis, it may be questioned why
gas chromatographic methods are included in this book. Our rationale is that
although chromatographic techniques are used for the separation of molecular
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species, the ultimate identification and quantitation of the molecular composi-
tion is done by using spectroscopic measurement devices such as flame ioniza-
tion detector (FID) and MS. Hence, it is important that the gas chromatographic
techniques be included in this monograph along with other techniques generally
considered “spectroscopic.”

Thus, the goal of this monograph is to consolidate, in one volume, methodol-
ogy that involves spectroscopic measurements as a primary or a final measure-
ment tool. All the techniques described in this monograph fit this description.

Each topic is written by an author or authors who are acknowledged
experts in their fields. Each chapter contains detailed discussion of the techni-
cal principles involved as well as the practical applications of these techniques
to characterize petroleum products and lubricants.

The book is divided into three logical parts. Part A describes some of the
fundamental considerations in spectroscopic analysis, such as calibration proto-
cols, quality assurance and statistics, proficiency testing, and standard reference
materials. Part B describes the analytical methodology of individual analytical
techniques and the examples of their applications in the oil industry—AAS, GF-
AAS, ICP-AES, ICP-MS, ID-MS, AFS, MS, WD-XRF, ED-XRF, MWD-XRF, NAA,
NMR, NIR, FT-IR, IC, and GC-LC-AED. Part C describes special topics in spectro-
scopic analysis, such as the determination of sulfur and mercury and analysis
of used oils, crude oil, and biofuels.

Chapter 2, written by Dr. Kishore Nadkarni (Millennium Analytics, Inc.), dis-
cusses the calibration protocols used for spectroscopic measurements of petro-
leum products. Calibration is a fundamental and usually the first step to be
taken in any analysis. Calibration techniques for different analytical techniques
such as AAS, ICP-AES, ICP-MS, GC, GC-MS, NAA, NMR, and XRF are described.
Preparation and use of calibration standards in this context are discussed.

Chapter 3, written by Kishore Nadkarni, addresses the scope and appli-
cation of quality assurance concepts in analysis of petroleum products and
lubricants. This chapter includes various statistical protocols for qualifying
the validity of data produced, statistical quality control, control charts, labo-
ratory capability reviews, checklist for investigating the root causes of incon-
sistent results, use of standard reference materials, proficiency testing
programs, representative sampling, rounding off test results, statistical tests
for identifying data outliers, tests for demonstrating equivalency in precision
and accuracy of different test methods to determine the same parameter,
acceptability of intralaboratory and interlaboratory results of analysis of the
same material, and rules for reducing testing frequency. Quality assurance
instructions embedded in many individual spectroscopic test methods are
also reviewed. Finally, an example is given of multielement spectroscopic
analysis of the National Institute of Standards and Technology (NIST) lubri-
cating oil Standard Reference Material (SRM), which was analyzed three dif-
ferent times in a company laboratory circuit—as a company product, as an
ASTM ILCP sample, and as a NIST SRM. Excellent agreement between multi-
ple sets of analysis testifies to the efficacy of good quality management and
good laboratory practices, resulting in superior data quality in terms of preci-
sion and accuracy. Thus, quality assurance is a vital area in ensuring the cor-
rect preparation of products and delivery to meet customer product quality
expectations.
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Chapter 4, written by Dr. Jim Bover of ExxonMobil Biomedical Sciences,
Inc., describes the proficiency testing services offered by ASTM International and
how to interpret the statistical reports resulting from these interlaboratory cross-
checks. This chapter discusses the techniques and approaches available to laborato-
ries for evaluating their results relative to those of other laboratories participating
in the testing program. It also discusses techniques for evaluating the performance
of the test methods used across the participating laboratories. A number of exam-
ples from actual proficiency programs are included to illustrate how these techni-
ques can be used.

Discussion of reference materials for calibration and quality assurance is
the subject of Chapter 5, written by Kishore Nadkarni. Two examples are
given of the development of an SRM by NIST for lubricating oil and by an oil
company for a lubricant additive package. This is an important area in assuring
the customers that the quality of data produced in the laboratory is reliable,
accurate, and precise.

Chapter 6, written by Kishore Nadkarni, covers AAS as used in oil indus-
try laboratories. AAS was perhaps the first widely used instrumental elemental
analysis technique that made old-fashioned classical “wet” analysis obsolete
throughout the industry. Until ICP-AES overtook it, there probably was no
laboratory in the world that did not use an AAS instrument for determining
metallic constituents in petroleum products and lubricants. Even today,
despite the versatility of the ICP-AES technique, AAS is still widely used
in smaller laboratories throughout the world because of its lower cost and
ease of operation compared to ICP-AES, particularly in the less developed
countries.

Offshoots of the original AAS technique include GF-AAS and CV-AAS.
GF-AAS rivals ICP-AES in its sensitivity of detection; CV-AAS is useful for spe-
cific elements such as selenium, mercury, and arsenic, which are not usually
easily determined by ICP-AES. In recent years, CV-AAS has received increased
attention as a method of choice for ultratrace determination of mercury in
crude oils.

Dr. Paolo Tittarelli of SSC, Milan, Italy, describes the details of the GF-AAS
technique and its applications in the oil industry in Chapter 7.

Standard test methods issued by ASTM D02 using AAS are listed in Table 1.

Chapter 8, by Dr. Bob Botto of ExxonMobil Refining and Supply Company
in Baytown, Texas, describes ICP-AES and its use for elemental analysis in the oil
industry. As noted previously, ICP-AES is a widely used popular spectroscopic tech-
nique for multielement analysis of many complex matrices. Samples generally
have to be solubilized to be able to nebulize them into the argon plasma. However,
normally that should not be a problem for most of the petroleum products or
lubricants. A number of standard test methods have been issued by ASTM Commit-
tee D02 in this area (Table 2).

The analogous technique of ICP-MS is described in Chapter 9 by Dr. David
Hwang of Chevron Energy Technology Company, Richmond, California. ICP-
MS extends the limits of detection of ICP-AES by a magnitude or more, and is
also capable of speciation, which is important to distinguish between species
such as those of selenium or mercury [7]. Given that ICP-MS is more of a
research tool than a standardized method, ASTM has as yet not issued any
standard for this technique for use in the oil industry.
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TABLE 1—Analysis of Petroleum Products Using AAS

ASTM Test Method

Designation Analysis

D3237 Lead in Gasoline by AAS

D3605 Trace Metals in Gas Turbine Fuels by AAS and FES

D3831 Manganese in Gasoline by AAS

D4628 Analysis of Ba, Ca, Mg, and Zn in Unused Lubricating Oils by AAS

D5056 Trace Metals in Petroleum Coke by AAS

D5184 Al and Si in Fuel Oils by Ashing, Fusion, ICP-AES, and AAS

D5863 Ni, V, Fe, and Na in Crude Oils and Residual Fuels by Flame AAS

D6732 Copper in Jet Fuels by Graphite Furnace AAS

D7622 Mercury in Crude Oil Using Combustion and Direct Cold Vapor
Atomic Absorption Method with Zeeman Background Correction

D7623 Mercury in Crude Qil Using Combustion-Gold Amalgamation and

Cold Vapor Atomic Absorption Method

TABLE 2—Analysis of Petroleum Products Using ICP-AES

ASTM Test Method

Designation Analysis

D4951 Additive Elements in Lubricating Oils by ICP-AES

D5184 Al and Si in Fuel Oils by Ashing, Fusion, ICP-AES and AAS

D5185 Additive Elements, Wear Metals, and Contaminants in Used Lubri-
cating Oils and Selected Elements in Base Oils by ICP-AES

D5600 Trace Elements in Petroleum Coke by ICP-AES

D5708 Ni, V, and Fe in Crude Oils and Residual Fuels by ICP-AES

D6595 Wear Metals and Contaminants in Used Lubricating Oils or Used
Hydraulic Fluids by Rotating Disc Electrode AES

D6728 Contaminants in Gas Turbine and Diesel Engine Fuel by Rotating
Disk Electrode AES

D7040 Low Levels of Phosphorus in ILSAC GF 4 and Similar Grade Engine
Oils by ICP-AES

D711 Trace Elements in Middle Distillate Fuels by ICP-AES

D7260 Optimization, Calibration, and Validation of ICP-AES for Elemental
Analysis of Petroleum Products and Lubricants

D7303 Metals in Lubricating Greases by ICP-AES

D7691 Metals in Crude Oils by ICP-AES
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Dr. Peter Stockwell describes the theory and applications of AFS in Chap-
ter 10. Mercury and arsenic are determined in the petrochemical industry
using this sensitive technique.

Chapter 11 describes the use of MS for determining organic species in
petroleum products. This chapter is written by Drs. Todd Colin of Colin Con-
sulting and Aaron Mendez of Petroleum Analyzer Company (PAC) in Hous-
ton, Texas. MS is a routine tool for chemical characterization in the research
and development laboratories of all oil companies and universities. Although
a highly specialized technique mainly used in research and development, a
few standards have been written by ASTM Committee D02 in this area
(Table 3).

Similar to AAS and ICP-AES techniques, another work-horse for elemental
analysis of petroleum products and lubricants is XRF spectrometry. Wave-
length, energy, and a new variation, monochromatic wavelength, dispersive
XRF are described in Chapter 12, by Bruno Vrebos and Tim Glose of PANana-
lytical Instruments in Almelo, The Netherlands, and Westborough, Massachu-
setts, respectively; Chapter 13, by Dr. Mike Pohl of Horiba Instruments of
Irvine, California, and Christelle Petiot of Oxford Instruments, Oxford, England;
and Chapter 14 by Drs. Zewu Chen and Fuzhong Wei of XOS, Albany, New
York. All three techniques are particularly useful for determining sulfur in
today’s fuels, which cannot be easily done using AAS or ICP-AES. Particularly,
with the regulation of sulfur content in gasolines and diesels by government
regulatory agencies, XRF techniques have proved particularly useful. However,
matrix interferences in oxygenated fuels need to be compensated for before
sulfur in the samples can be accurately determined. A number of standard test
methods for XRF use have been issued by ASTM Committee D02 (Table 4).

NAA is another highly sensitive method, described in Chapter 15 by Kish-
ore Nadkarni. For determining many metals and nonmetals in a variety of
products, this technique is unrivalled in its sensitivity and its freedom from
interferences. However, its use in the oil industry remains limited because of
the need to have access to a nuclear reactor or another source of radiation for
irradiating the samples. Determining oxygen in petroleum products is a particu-
larly unique analysis that can only be done by NAA.

TABLE 3—Analysis of Petroleum Products Using MS
ASTM Test Method

Designation Analysis

D2425 Hydrocarbon Types in Middle Distillates by Mass Spectrometry

D2650 Chemical Composition of Gases by Mass Spectrometry

D2786 Hydrocarbon Types Analysis of Gas-Oil Saturates by High loniz-
ing Voltage Mass Spectrometry

D2789 Hydrocarbon Types in Low Olefinic Gasoline by Mass
Spectrometry

D5769 Benzene, Toluene, and Total Aromatics in Finished Gasolines

by GC/MS
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TABLE 4—Analysis of Petroleum Products Using XRF
ASTM Test Method

Designation Analysis

D2622 Sulfur in Petroleum Products by WD-XRF Spectrometry

D4294 Sulfur in Petroleum and Petroleum Products by ED-XRF
Spectrometry

D4927 Elemental Analysis of Lubricant and Additive Components —
Ba, Ca, P, S, and Zn by WD-XRF Spectroscopy

D5059 Lead in Gasoline by X-ray Spectroscopy

D6334 Sulfur in Gasoline by WD-XRF

D6376 Trace Elements in Petroleum Coke by WD-XRF Spectroscopy

D6443 Ca, Cl, Cu, Mg, P, S, and Zn in Unused Lubricating Oils and
Additives by WD-XRF Spectrometry (Mathematical Correction
Procedure)

D6445 Sulfur in Gasoline by ED-XRF Spectrometry

D6481 P, S, Ca, and Zn in Lubricating Oils by ED-XRF Spectroscopy

D7039 Sulfur in Gasoline and Diesel Fuel by Monochromatic WD-XRF
Spectrometry

D7212 Low Sulfur Automotive Fuels by EDXRF Spectrometry using a
Low-Background Proportional Counter

D7220 Sulfur in Automotive Fuels by Polarization XRF Spectrometry

D7343 Optimization, Sample Handling, Calibration, and Validation of

XRF Spectrometry Methods for Elemental Analysis of Petro-
leum Products and Lubricants

The theory of NMR and its application in the petroleum industry are the
subject of Chapter 16, written by Dr. John Edwards of Process NMR Associ-
ates in Danbury, Connecticut. Usually, this technique is more appropriate for
research and development activities rather than for routine testing. However,
there are a few standards issued by ASTM D02 Committee using NMR for the
analysis of gasoline and aviation fuels. The chapter includes an extensive bibli-
ography and gives examples of various types of NMR instrumentation for appli-
cations in the petroleum industry (Table 5).

Fourier transform-infrared (FT-IR) spectroscopy is another technique
widely used in the industry for the detection or determination of organic spe-
cies. This technique is discussed in Chapter 17 by Dr. Jim Brown of ExxonMo-
bil Research and Engineering Company of Clinton, New Jersey. FT-IR can also
be used for “finger-printing” of organic species in samples to trace the prove-
nance of the products. Five standards have been issued by ASTM Committee
D02 in using FT-IR in petroleum analysis. Additionally, there are several stand-
ards where IR is used as a detection device for quantitation (Table 6).



10 SPECTROSCOPIC ANALYSIS OF PETROLEUM PRODUCTS AND LUBRICANTS

TABLE 5—Analysis of Petroleum Products Using NMR

ASTM Test Method

Designation Analysis

D3701 Hydrogen Content of Aviation Turbine Fuels by Low Resolution
NMR Spectrometry

D48038 Hydrogen Content of Light Distillates, Middle Distillates, Gas
Oils, and Residua by Low-Resolution NMR Spectroscopy

D5292 Aromatic Carbon Contents of Hydrocarbon Oils by High
Resolution NMR Spectroscopy

D7171 Hydrogen Content of Middle Distillate Petroleum Products by
Low-Resolution Pulsed Nuclear Magnetic Resonance
Spectroscopy

Chapter 18, written by Kirk Chassional of Dionex Corp. in Sunnyvale,
California, discusses the concept and use of IC. The development of this tech-
nique was revolutionary, changing the protocol for determining anions in sam-
ples [8]. Compared to the laborious wet chemistry methods of gravimetry,
titrimetry, or colorimetry, and separations, with IC a number of common
anions such as halides, nitrate, and sulfate could be simultaneously determined
in less than 10 minutes. The effect of IC in the quantitative determination of
anions was analogous to the effect of AAS in the determination of metallic con-
stituents in the industrial samples. An entire analytical instrumentation industry
(principal among the companies is Dionex) rose out of this invention. Two
standards have recently been issued by ASTM D02 Committee for using IC in
the petrochemical laboratories:

D7319 Total and Potential Sulfate and Inorganic Chloride in Fuel
Ethanol by Direct Injection Suppressed lon Chromatography

D7328 Total and Potential Inorganic Sulfate and Total Inorganic
Chloride in Fuel Ethanol by lon Chromatography Using Aqueous
Sample Injection

Chapter 19, written by Dr. Frank Di Sanzo of ExxonMobil Research and
Engineering Company of Clinton, New Jersey, discusses chromatographic tech-
niques. Of the various chromatographic techniques, GC and GC-MS remain the
most commonly used organic analysis techniques in the industry, whether
pharmaceutical or petrochemical. The importance of chromatographic techni-
ques can be judged by the fact that nearly 50 standard test methods have been
issued by ASTM Committee D02 (Table 7).

There are also a few LC standards that have been issued by ASTM Commit-
tee D02 (Table 8).

Chapter 20 on the determination of sulfur, written by Kishore Nadkarni,
covers the unique challenge in the petroleum industry for the determination of
this important element and pollutant governed by regulatory agencies. Several
spectroscopic methods are available for determining sulfur in gasoline and
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TABLE 6—Analysis of Petroleum Products Using Infrared
Spectroscopy

ASTM Test Method

Designation Analysis

D4053 Benzene in Motor and Aviation Gasoline by IR

D5845 MTBE, ETBE, TAME, DIPE, Methanol, Ethanol, and
tert-Butanol in Gasoline by IR

D6122 Practice for the Validation of the Performance of Multivari-
ate Process IR Spectrophotometers

D6277 Benzene in Spark Ignition Engine Fuels Using Mid-IR
Spectroscopy

D7214 Oxidation of Used Lubricants by FT-IR Using Peak Area

Increase Calculation

D7371 Biodiesel FAME Content in Diesel Fuel Oil Using mid-IR (FT-
IR — ATR — PLS Method)

D7412 Condition Monitoring of Phosphate Antiwear Additives in
In-Service Petroleum and Hydrocarbon Based Lubricants by
Trend Analysis Using FT-IR

D7414 Condition Monitoring of Oxidation in In-Service Petroleum
and Hydrocarbon Based Lubricants by Trend Analysis Using
FT-IR

D7415 Condition Monitoring of Sulfate Byproducts in In-Service

Petroleum and Hydrocarbon Based Lubricants by Trend
Analysis Using FT-IR

D7418 Practice for Set-Up and Operation of Fourier Transform
Infrared Spectrometers for In-Service Oil Condition
Monitoring

E2412 Practice for Condition Monitoring of In-Service Lubricants

by Trend Analysis Using FT-IR Spectrometry

diesel issued by ASTM Committee D02 [9] (Table 9). Most prominent among
these are D2622 WD-XRF, D4294 ED-XRF, D5453 UV-Fl, and D7039 MWD-XRF.
Several of the newly issued methods are not yet in wide use in the industry.
More test methods are being written by specialized vendors of such
instrumentations.

Other nonspectroscopic methods for sulfur determination are also avail-
able, but except for a very few, their use is declining (Table 10).

Chapter 21 discusses the test methods for determining trace amounts of
mercury in crude oils in particular. This chapter, written by Kishore Nadkarni,
also discusses current concerns about mercury emissions from the use of fossil
fuels, both coal and crude oil. This emitted mercury during coal combustion or
crude oil processing or both is harmful to both humans and aquatic organisms.
Test methods to quantify mercury in such materials involve atomic
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TABLE 7—Analysis of Petroleum Products Using GC

ASTM Test Method

Designation Analysis

D1319 Hydrocarbon Types in Liquid Petroleum Products by Fluorescent
Indicator Adsorption

D2007 Characteristic Groups in Rubber Extender and Processing Oils and
Other Petroleum-Derived Oils by the Clay-Gel Absorption
Chromatography

D2268 Analysis of High Purity n-Heptane and iso-Octane by Capillary GC

D2426 Butadiene Dimer and Styrene in Butadiene Concentrates by GC

D2427 C, through Cs Hydrocarbons in Gasolines by GC

D2504 Noncondensable Gases in C; and Lighter Hydrocarbon Products by GC

D2505 Ethylene, Other Hydrocarbons, and Carbon Dioxide in High-Purity
Ethylene by GC

D2549 Separation of Representative Aromatics and Nonaromatics
Fractions of High-Boiling Oils by Elution Chromatography

D2593 Butadiene Purity and Hydrocarbon Impurities by GC

D2597 Analysis of Demethanized Hydrocarbon Liquid Mixtures
Containing Nitrogen and Carbon Dioxide by GC

D2712 Hydrocarbon Traces in Propylene Concentrates by GC

D2887 Boiling Range Distribution of Petroleum Fractions by GC

D3524 Diesel Fuel Dilution in Used Diesel Engine Oils by GC

D3525 Gasoline Diluent in Used Gasoline Engines by GC

D3606 Benzene and Toluene in Finished Motor and Aviation Gasoline by GC

D3710 Boiling Range Distribution of Gasoline and Gasoline Fractions by GC

D4424 Butylene Analysis by GC

D4626 Practice for Calculation of GC Response Factors

D4815 MTBE, ETBE, TAME, DIPE, tertiary-Amyl Alcohol and C; through C4
Alcohols in Gasoline by GC

D4864 Traces of Methanol in Propylene Concentrates by GC

D5134 Detailed Analysis of Petroleum Naphthas through an n-Nonane by
Capillary GC

D5303 Trace Carbonyl Sulfide in Propylene by GC

D5307 Boiling Range Distribution of Crude Petroleum by GC

D5441 Analysis of MTBE by GC

D5442 Analysis of Petroleum Waxes by GC
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TABLE 7—Analysis of Petroleum Products Using GC (Continued)

ASTM Test Method

Designation Analysis

D5443 Paraffin, Naphthene, and Aromatic Hydrocarbon Type Analysis in
Petroleum Distillates Through 200°C by Multi-Dimensional GC

D5501 Ethanol Content of Denatured Fuel Ethanol by GC

D5580 Benzene, Toluene, Ethylbenzene, p/m-Xylene, 0-Xylene, Cy and
Heavier Aromatics, and Total Aromatics in Finished Gasoline by GC

D5599 Oxygenates in Gasoline by GC and Oxygen Selective Flame
lonization Detection

D5623 Sulfur Compounds in Light Petroleum Liquids by GC and Sulfur
Selective Detection

D5986 Oxygenates, Benzene, Toluene, Cg-C1, Aromatics and Total Aro-
matics in Finished Gasoline by GC/FT-IR

D6159 Hydrocarbon Impurities in Ethylene by GC

D6160 PCBs in Waste Materials by GC

D6293 Oxygenates and Paraffin, Olefin, Naphthene, Aromatic (O-PONA)
Hydrocarbon Types in Low-Olefin Spark Ignition Engine Fuels by GC

D6296 Total Olefins in Spark Ignition Engine Fuels by Multi-Dimensional GC

D6352 Boiling Range Distribution of Petroleum Distillates in Boiling
Range from 174 to 700°C by GC

D6417 Estimation of Engine Oil Volatility by Capillary GC

D6584 Free and Total Glycerin in B-100 Biodiesel Methyl Esters by GC

D6729 Individual Components in Spark Ignition Engine Fuels by 100
Metre Capillary High Resolution GC

D6730 Individual Components in Spark Ignition Engine Fuels by 100
Metre Capillary (with Precolumn) High Resolution GC

D6733 Individual Components in Spark Ignition Engine Fuels by 50-Metre
Capillary High Resolution GC

D6839 Hydrocarbon Types, Oxygenated Compounds and Benzene in
Spark Ignition Engine Fuels by GC

D7041 Total Sulfur in Light Hydrocarbons, Motor Fuels, and Oils by
Online GC with Flame Photometric Detection

D7059 Methanol in Crude Oils by Multidimensional GC

D7096 Boiling Range Distribution of Gasoline by Wide Bore Capillary GC

D7169 Boiling Point Distribution of Samples with Residues such as

Crude Oils and Atmospheric and Vacuum Residues by High
Temperature GC

(Continued)
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TABLE 7—Analysis of Petroleum Products Using GC (Continued)
ASTM Test Method

Designation Analysis

D7213 Boiling Range Distribution of Petroleum Distillates in the Boiling
Range from 100 to 615°C by GC

D7398 Boiling Range Distribution of FAME in the Boiling Range from
100 to 615°C by Gas Chromatography

D7423 Oxygenates in C, through Cs Hydrocarbons by GC-FID

D7500 Boiling Range Distribution of Distillates and Lubricating Base Oils

in Boiling Range from 100 to 735°C by GC

spectroscopic analysis, both AAS and AFS, with a prior step of gold amalgama-
tion to isolate the trace amounts of mercury present in coal or crude oil. Two
test methods using gold amalgamation followed by AAS based on commercially
available instruments have been issued: D7622 and D7623.

Chapter 22 describes the analysis of used oils using various spectrometric
techniques. Although precise results may not be required, it is important to
assess the changes in residual oils in engine blocks by analyzing used oils. Gener-
ally, this is called “trend analysis” and comprises metal analysis by ICP-AES, base
number by potentiometric titration, water by Karl Fischer titration, and FT-IR
analysis for oxidation, sulfonation, nitration, and so on. This chapter, written by
Kishore Nadkarni, covers some ASTM standards used for this analysis (Table 11).

Analysis of crude oils by spectroscopic techniques is described by Kishore
Nadkarni in Chapter 23. Applications of AAS, ICP-AES, GF-AAS, ICP-MS, and
XRF are described. A useful addition to the literature is the recent monograph
on crude oils by Giles and Mills [10].

TABLE 8—Analysis of Petroleum Products Using LC

ASTM Test Method

Designation Analysis

D3712 Analysis of Oil-Soluble Petroleum Sulfonates by Liquid
Chromatography

D5186 Aromatic Content and PNA Content of Diesel Fuels and Aviation

Turbine Fuels by SFC

D6379 Aromatic Hydrocarbon Types in Aviation Fuels and Petroleum
Distillates - HPLC Method with Rl Detection

D6550 Olefin Content of Gasolines by SFC

D6591 Aromatic Hydrocarbon Types in Middle Distillates — HPLC Method
with RI Detection

D7347 Olefin Content of Denatured Ethanol by SFC

D7419 Total Aromatics and Total Saturates in Lube Basestocks by HPLC

with Refractive Index Detection
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TABLE 9—Determination of Sulfur in Petroleum Products Using

Spectroscopic Techniques

ASTM Test Method

Designation Technique Used Analysis

D2622 WD-XRF Sulfur in Petroleum Products by WD-XRF
Spectrometry

D4294 ED-XRF Sulfur in Petroleum and Petroleum Products
by ED-XRF Spectrometry

D4927 WD-XRF Elemental Analysis of Lubricants and
Additive Components — Ba, Ca, P, S, and Zn
by WD-XRF Spectroscopy

D4951 ICP-AES Additive Elements in Lubricating Oils by
ICP-AES

D5185 ICP-AES Additive Elements, Wear Metals, and
Contaminants in Used Lubricating Oils and
Selected Elements in Base Oils by ICP-AES

D5453 UV-FI Total Sulfur in Light Hydrocarbons, Spark
Ignition Engine Fuel, Diesel Engine Fuel,
and Engine Oil by UV-Fluorescence

D5623 GC Sulfur Compounds in Light Petroleum
Liquids by GC and Sulfur Selective
Detection

D6334 WD-XRF Sulfur in Gasoline by WD-XRF

D6376 WD-XRF Trace Metals in Petroleum Coke by WD-XRF
Spectroscopy

D6443 WD-XRF Ca, Cl, Cu, Mg. P, S, and Zn in Unused
Lubricating Oils and Additives by WD-XRF
Spectrometry (Mathematical Correction
Procedure)

D6445 ED-XRF Sulfur in Gasoline by ED-XRF Spectrometry

D6481 ED-XRF P, S, Ca, and Zn in Lubricating Qils by
ED-XRF Spectroscopy

D6667 UV-FI Total Volatile Sulfur in Gaseous
Hydrocarbons and Liquefied Petroleum
Gases by UV Fluorescence

D7039 MWD-XRF Sulfur in Gasoline and Diesel Fuel by
Monochromatic WD-XRF Spectrometry

D7041 GC-FID Total Sulfur in Light Hydrocarbons, Motor

Fuels and Oils by Online GC with Flame
Photometric Detection

(Continued)
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TABLE 9—Determination of Sulfur in Petroleum Products Using
Spectroscopic Techniques (Continued)

ASTM Test Method

Designation Technique Used Analysis

D7212 ED-XRF Low Sulfur in Automotive Fuels by ED-XRF
Spectrometry Using a Low-Background
Proportional Counter

D7220 ED-XRF Sulfur in Automotive Fuels by Polarization
XRF Spectrometry

D7343 XRF Practice for Optimization, Sample Handling,

Calibration, and Validation of XRF Spec-
trometry Methods for Elemental Analysis of
Petroleum Products and Lubricants

TABLE 10—Determination of Sulfur in Petroleum Products Using

Nonspectroscopic Techniques

ASTM Test Method

Designation Technique Used Analysis

D129 Gravimetry Sulfur in Petroleum Products (General
Bomb Method)

D1266 Gravimetry Sulfur in Petroleum Products (Lamp
Method)

D1552 IR Sulfur in Petroleum Products
(High Temperature Method)

D2784 Titrimetry Sulfur in LPG (Oxy-Hydrogen Burner or Lamp)

D3120 Microcoulometry Trace Quantities of Sulfur in Light Liquid
Petroleum Hydrocarbons by Oxidative
Microcoulometry

D3227 Potentiometry (Thiol Mercaptan) Sulfur in Gasoline,
Kerosine, Aviation Turbine, and Distillate
Fuels (Potentiometric Method)

D3246 Microcoulometry Sulfur in Petroleum Gas by Oxidative
Microcoulometry

D4045 Colorimetry Sulfur in Petroleum Products by Hydroge-
neolysis and Rateometric Colorimetry

D4952 Colorimetry Qualitative Analysis for Active Sulfur
Species in Fuels and Solvents (Doctor Test)

D6920 Electrochemistry Total Sulfur in Naphthas, Distillates, RFG,

Diesels, Biodiesels, and Motor Fuels by
Oxidative Combustion and Electrochemical
Detection
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TABLE 11—Analysis of Used Oils Using Spectroscopic
Techniques

ASTM Test Method
Designation Technique Used Analysis

D5185 ICP-AES Additive Elements, Wear Metals, and
Contaminants in Used Lubricating Oils and
Selected Elements in Base Oils by ICP-AES

D5384 Colorimetry Chlorine in Used Petroleum Products
(Field Test Kit method)

D6595 AES Wear Metals and Contaminants in Used
Lubricating Oils or Used Hydraulic Fluids by
Rotating Disc Electrode AES

D7214 FT-IR Oxidation of Used Lubricants by FT-IR Using
Peak Area Increase Calculation

D7412 FT-IR Condition Monitoring of Phosphate
Antiwear Additives in In-Service Petroleum
and Hydrocarbon Based Lubricants by Trend
Analysis Using FT-IR

D7414 FT-IR Condition Monitoring of Oxidation in
In-Service Petroleum and Hydrocarbon
Based Lubricants by Trend Analysis
Using FT-IR

D7415 FT-IR Condition Monitoring of Sulfate Byproducts
in In-Service Petroleum and Hydrocarbon
Based Lubricants by Trend Analysis Using

FT-IR

D7416 Multi-part Analysis of In-Service Lubricants Using a
Particular Five Part Integrator

D7418 FT-IR Practice for Set-Up and Operation of FT-IR
Spectrometers for In-Service Oil Condition
Monitoring

Given the recent surge in interest in biofuels, spectroscopic methods applied
for their analysis are discussed in Chapter 24 by Kishore Nadkarni. The field is
at early stage, and research and development efforts are under way to standard-
ize the appropriate test methods. A number of specifications for biofuel products
contain several spectroscopic tests, but no information is currently available
regarding their applicability or precision for biofuels (Table 12).

These test methods originally developed for petroleum products are being
adapted for biofuels. Some of these test methods do not show the same preci-
sion estimates as those seen in the petroleum product analysis. The situation is
gradually being corrected through interlaboratory studies for these new matri-
ces. Xray methods used for sulfur determination in biofuels may also suffer
from interference caused by the presence of large amounts of oxygenates in
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TABLE 12—Biofuel Specifications

ASTM Standard

Specification for

D396 Fuel Oils

D975 Diesel Fuel Oils

D4806 Denatured Fuel Ethanol for Blending with Gasolines for Use as
Automotive Spark-Ignition Engine Fuel

D4814 Automotive Spark-Ignition Engine Fuel

D5798 Fuel Ethanol (Ed75-Ed85) for Automotive Spark-Ignition Engines

D6751 Biodiesel Fuel Blend Stock (B 100) for Middle Distillate Fuels

D7467 Diesel Fuel Oil, Biodiesel Blend (B6 to B20)

D7544 Pyrolysis Liquid Biofuel

D7566 Aviation Turbine Fuel Containing Synthesized Hydrocarbons

TABLE 13—Research Reports of Spectroscopic Methods of
Analysis of Petroleum Products

ASTM
Research
Spectroscopic Report
Test Method Analysis Technique Number
D1319 Hydrocarbon Types in Liquid Petro- | GC 1361
leum Products
D2007 Characteristic Groups in Rubber GC 1193
Extender and Processing Oils and
Other Petroleum-Derived Oils by
Clay-Gel
D2593 Butadiene Purity and Hydrocarbon | GC 1004
Impurities
D2622 Sulfur in Petroleum Products WD-XRF 1428; 1547,
1622
D2887 Boiling Range Distribution of Petro- | GC 1406
leum Products
D3237 Lead in Gasoline AAS 1376
D3606 Benzene and Toluene in Finished GC 1042
Motor and Aviation Gasoline
D3701 Hydrogen Content of Aviation Tur- | NMR 1186
bine Fuels
D3831 Manganese in Gasoline AAS 1500
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TABLE 13—Research Reports of Spectroscopic Methods of
Analysis of Petroleum Products (Continued)
ASTM
Research
Spectroscopic Report
Test Method Analysis Technique Number
D4294 Sulfur in Petroleum and Petroleum | ED-XRF 1635
Products
D4815 MTBE, ETBE, TAME, DIPE, tert-Amyl | GC 1296
Alcohol, and C; through C4 Alcohols
in Gasoline
D4864 Traces of Methanol in Propylene GC 1243
Concentrates
D4908 Hydrogen Content of Light Distil- NMR 1186
lates, Middle Distillates, Gas Oils,
and Residua
D4927 Elemental Analysis of Lubricants WD-XRF 1259
and Additive Components
D4951 Additive Elements in Lubricating ICP-AES 1349; 1599
Oils
D5059 Lead in Gasoline XRF 1283
D5134 Detailed Analysis of Petroleum GC 1265
Naphthas through an n-Nonane
D5184 Al and Si in Fuel Oils AAS / ICP-AES 1281
D5185 Additive Elements, Wear Metals, ICP-AES 1282
and Contaminants in Used Lubricat-
ing Oils and Base Oils
D5303 Trace Carbonyl Sulfide in Propylene | GC 1298
D5307 Boiling Range Distribution in Crude | GC 1295
Petroleum
D5384 Chlorine in Used Petroleum Color 1368
Products
D5441 Analysis of MTBE GC 1306
D5442 Analysis of Petroleum Waxes GC 1316
D5443 Paraffin, Naphthene, and Aromatic | GC 1315
Hydrocarbon Type Analysis in Petro-
leum Distillates through 200°C
D5453 Total Sulfur in Light Hydrocarbons, | UV-FL 1307; 1456;
Spark Ignition Engine Fuel, Diesel 1465; 1475;
Engine Fuel, and Engine Oil 1547; 1633

(Continued)
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TABLE 13—Research Reports of Spectroscopic Methods of
Analysis of Petroleum Products (Continued)

Biodiesel Methyl Esters

ASTM
Research
Spectroscopic Report
Test Method Analysis Technique Number
D5501 Ethanol Content of Denatured Fuel | GC 1266
Ethanol
D5580 Analysis of Finished Gasolines GC 1329
D5599 Oxygenates in Gasoline GC 1359
D5623 Sulfur Compounds in Light Petro- GC 1335
leum Liquids
D5708 Ni, V, and Fe in Crude Oils and ICP-AES 1351
Related Fuels
D5769 Benzene, Toluene, and Total Aro- GC/MS 1382
matics in Finished Gasolines
D5845 MTBE, ETBE, TAME, DIPE, Metha- FT-IR 1374
nol, Ethanol, and tert-Butanol in
Gasoline
D5863 Ni, V, Fe, and Na in Crude Oils and | AAS 1351
Residual Fuels
D5986 Aromatics in Finished Gasolines GC/FT-IR 1399
D6159 Hydrocarbon Impurities in Ethylene | GC 1412
D6160 PCBs in Waste Materials GC 1413
D6277 Benzene in Spark-Ignition Engine FT-IR 1431
Fuels
D6296 Total Olefins in Spark-Ignition GC 1433
Engine Fuels
D6352 Boiling Range Distribution of Petro- | GC 1445
leum Distillates in Boiling Range
from 174 to 700°C
D6379 Aromatic Hydrocarbon Types in Avi- | HPLC 1446
ation Fuels and Petroleum
Distillates
D6417 Estimation of Engine Oil Volatility GC 1451
D6443 Additive Elements in Unused Lubri- | WD-XRF 1450
cating Oils and Additives
D6550 Olefin Content of Gasolines SFC 1478
D6584 Free and Total Glycerin in B 100 GC 1603
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TABLE 13—Research Reports of Spectroscopic Methods of
Analysis of Petroleum Products (Continued)
ASTM
Research
Spectroscopic Report
Test Method Analysis Technique Number
D6591 Aromatic Hydrocarbon Types in HPLC 1503
Middle Distillates
D6595 Wear Metals and Contaminants in Rotrode AES 1487
Used Lubricating Oils or Hydraulic
Fluids
D6667 Total Volatile Sulfur in Gaseous UV-FL 1506
Hydrocarbons and Liquefied Petro-
leum Gases
D6728 Contaminants in Gas Turbine and Rotrode AES 1514
Diesel Engine Fuels
D6729 Individual Components in Spark GC 1519
Ignition Engine Fuels
D6730 Individual Components in Spark- GC 1518
Ignition Engine Fuels
D6732 Copper in Jet Fuels GF-AAS 1512
D6733 Individual Components in Spark- GC 1520
Ignition Engine Fuels
D6839 Hydrocarbon Types, Oxygenated GC 1544
Compounds, and Benzene in Spark-
Ignition Engine Fuels
D7039 Sulfur in Gasoline and Diesel Fuel MWD-XRF 1552
D7040 Low Levels of Phosphorus in ILSAC ICP-AES 1559
GF4 and Similar Grade Engine Oils
D7041 Total Sulfur in Light Hydrocarbons, | GC 1558
Motor Fuels, and Oils
D7111 Trace Elements in Middle Distillate ICP-AES 1569
Fuels
D7171 Hydrogen Content of Middle Distil- | NMR 1557
late Fuels
D7212 Low Sulfur in Automotive Fuels ED-XRF 1587
D7214 Oxidation of Used Lubricants FT-IR 1623
D7220 Sulfur in Automotive Fuels ED-XRF 1592
D7303 Metals in Lubricating Greases ICP-AES 1608

(Continued)
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TABLE 13—Research Reports of Spectroscopic Methods of
Analysis of Petroleum Products (Continued)

ASTM
Research
Spectroscopic Report
Test Method Analysis Technique Number
D7319 Total and Potential Sulfate and IC 1614
Inorganic Chloride in Fuel Ethanol
D7328 Total and Potential Inorganic Sul- IC 1611
fate and Total Inorganic Chloride in
Fuel Ethanol
D7347 Olefin Content of Denatured SFC 1640
Ethanol
D7371 FAME Content in Diesel Fuel Oil FT-IR 1624
D7412 Condition Monitoring of Phosphate | FT-IR 1667
Antiwear Additives in In-Service
Petroleum and Hydrocarbon Based
Lubricants
D7414 Condition Monitoring of Oxidation | FT-IR 1668
in In-Service Petroleum and Hydro-
carbon Based Lubricants
D7416 Analysis of In-Service Lubricants FT-IR 1646; 1669
D7419 Total Aromatics and Total Saturates | HPLC 1632
in Lube Basestocks
D7622 Mercury in Crude Oils CV-AAS 1692
D7623 Mercury in Crude Oils CV-AAS 1692
D7691 Metals in Crude Oils ICP-AES 1716

AAS: Atomic Absorption Spectroscopy

AES: Atomic Emission Spectroscopy

AS: Atomic Spectroscopy

ED-XRF: Energy Dispersive X-ray Fluorescence Spectroscopy

FES: Flame Emission Spectroscopy

FT-IR: Fourier Transform Infrared Spectroscopy

GC: Gas Chromatography

GC-FID: Gas Chromatography Flame lonization Detection

GF-AAS: Graphite Furnace — Atomic Absorption Spectrometry

IC: lon Chromatography

ICP-AES: Inductively Coupled Plasma — Atomic Emission Spectrometry
IR: Infrared Spectroscopy

MS: Mass Spectroscopy

MWD-XRF: Monochromatic Wavelength Dispersive X-ray Fluorescence Spectroscopy
NMR: Nuclear Magnetic Resonance Spectroscopy

UV-FI: Ultraviolet Fluorescence

WD-XRF: Wavelength Dispersive X-ray Fluorescence Spectroscopy
XRF: X-ray Fluorescence Spectroscopy
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these samples. Other spectroscopic methods used for biofuels include ICP-AES
for trace metals, IC for sulfate and chloride content, UV-Fl for sulfur, and FT-
IR and MS for molecular species. A few other test methods have been specifi-
cally developed for biofuels.

Finally, Table 13 lists the available ASTM research reports associated with
pertinent spectroscopic methods used in the analysis of liquid fossil fuels.
These research reports are a great source of information on the development
of individual standards. When a research report is not available, that standard
is not listed in the table. These reports are available from ASTM Headquarters.

We hope that this monograph proves to be of use and benefit to the
researchers in the oil industry as well as students of analytical and fuels chem-
istry in colleges and universities.
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Calibration Protocols for Spectroscopic
Measurements of Petroleum Products

R. A. Kishore Nadkarni'

INTRODUCTION

All apparatus and instruments used in a laboratory require some kind of calibra-
tion or verification before an instrument is used for producing reliable data. A
perfect analysis needs a perfect calibration as a first step and perfect quality con-
trol as perhaps the last step in the sequence of analytical event. Often this cycle
is depicted as [1]:

Calibration — Sample Analysis — QC Analysis — Calibration — — — (1)

Quite often problems in analytical results can be traced to inadequate cali-
bration practices. This is true whether the measurements are chemical or physi-
cal in nature.

The concept of calibration is basic to all measurements. Measurement is essen-
tially a comparison process in which an unknown whose value is to be determined
is compared with a known standard. The only purpose of calibration is to elimi-
nate or minimize the bias in a measurement process. The precisions of calibrated
and uncalibrated systems can be equivalent, but not necessarily the accuracy [2].

Some methods require little to no method calibration; others require only sim-
ple one-step calibration; yet others require elaborate calibration routines before
the product is analyzed for its content. Fairly often it can be shown that the round-
robin results by a cooperator are all biased with respect to those from other labo-
ratories. Presumably, failing to follow good laboratory practices and instructions
in the test methods can be a causal factor of such errors. A further consequence is
an unnecessarily large reproducibility estimate or the data being dropped from
the study as an outlier. Among other causes of such discrepancies could be differ-
ent or inadequate calibration practices used in the laboratory. Most test methods
spell out the calibration requirements but often do not quote the frequency
required, letting the laboratories use good laboratory practices for this task. Thus,
uniform practice for instrument calibration would be beneficial in standardizing
the test procedures and obtaining consistent results across laboratories.

Terminology
The most commonly used phrases or words and their definitions related to this
discussion of calibration are given in Table 1.

Calibration or Verification?

Although the words verification and calibration are often used synonymously,
they indeed have different connotations. Verification pertains to checking that

! Millennium Analytics, Inc., East Brunswick, New Jersey
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CALIBRATION PROTOCOLS

TABLE 1—Terminology for Calibration

Term

Explanation

Source

Calibration standard

A material with a certified value
for a relevant property, issued by
or traceable to a national organi-
zation such as NIST, and whose
properties are known with suffi-
cient accuracy to permit its use to
evaluate the same property of
another sample.

ASTM Standard Practice
D6792

Certified reference
material (CRM)

A reference material, one or
more of whose property values
are certified by a technically valid
procedure, accompanied by a
traceable certificate or other
documentation that is issued by
a certifying body.

ISO Guide 30

Check standard

A material having an assigned
(known) value (reference value)
used to determine the accuracy of
the measurement system or
instrument. This standard is not
used to calibrate the measure-
ment instrument or system.

ASTM Standard Practice
D7171

Reference material (RM)

A material with accepted refer-
ence values accompanied by an
uncertainty at a stated level of
confidence for desired properties,
which may be used for calibration
or quality-control purposes in the
laboratory.

ASTM Standard Practice
D6792

Traceability

A property of the result of a mea-
surement or the value of a stand-
ard whereby it can be related to
stated references, usually national
or international standards, through
an unbroken chain of comparisons,
all having stated uncertainties.

ASTM Standard Practice
D6792

the instrument or a system is in a condition fit to use, and calibration involves
standardization as in a measuring instrument by determining the deviation
from a reference standard to ascertain the proper correction factors. In the ash

D482 and sulfated-ash D874 tests, for example, no specific verification or calibra-

tion is done other than using appropriate thermometers for monitoring the tem-
perature in the oven or furnace, and balance calibration. On the other hand, in

the D4951 and D5185 ICP-AES methods for metals, the instrument is calibrated

over several concentration ranges to check that the linearity is acceptable, and
other additional checks are also required.




26 SPECTROSCOPIC ANALYSIS OF PETROLEUM PRODUCTS AND LUBRICANTS

The overall program of calibration of equipment should be designed and
operated to ensure that the measurements made in the testing laboratories are
traceable (where the concept is applicable) to national standards of measure-
ment and, where available, to international standards of measurement specified
by such bodies.

Where the concept of traceability to national or international standards of
measurement is not applicable, the testing laboratory should provide satisfactory
evidence of correlation or accuracy of test results (e.g., by participating in a suita-
ble program of interlaboratory comparison, or by primary and interference-free
classical chemistry techniques such as gravimetry or titrimetry).

Different test methods require different calibration intervals. Thus, a deci-
sion about appropriate calibration frequency must be made on a caseby-case
basis. It goes without saying, however, that the calibration practices are a must
for all analytical testing and must be thoroughly documented regarding both the
plan and the factual evidence that it is being followed. Some tests may require
additional verifying with check standards. There is a tendency among many labo-
ratories to do the bare-minimum calibrations, similar to their approach toward
quality control requirements. This is not the way to achieve superior perform-
ance. Moreover, if an instrument is found to be out of calibration, and the situa-
tion cannot be immediately addressed, then the instrument shall be taken out of
operation and tagged as such until the situation is corrected. Under no circum-
stances can data from that instrument be reported to the customers.

The performance of apparatus and equipment used in the laboratory but
not calibrated in that laboratory (i.e., precalibrated, vendor supplied) should be
verified by using a documented, technically valid procedure at periodic intervals.

Appropriate calibration standards must be used during analysis. A wide vari-
ety of such standards are available from commercial sources, National Institute
of Science and Technology (NIST), and others. Many laboratories have capabil-
ities of preparing reliable in-house standards. Calibration standards identical to
the samples being analyzed would be ideal, but, failing that, at least some type
of standard must be used to validate the analytical sequence. In physical meas-
urements this is usually achievable, but it is often difficult or sometimes almost
impossible in chemical measurements. Even the effects of small deviations from
matrix match and analyte concentration level may need to be considered and
evaluated on the basis of theoretical or experimental evidence or both. Some-
times using standard additions technique to calibrate the measurement system is
a possibility. But because an artificially added analyte may not necessarily
respond in the same manner as a naturally occurring analyte, this approach may
not be always valid, particularly in molecular speciation work.

Many ASTM test methods either do not specify the calibration steps or
do not give the frequency of calibration. In such cases, the incidence and the
frequency are determined from laboratory experience or industry practice or
both. ASTM Standard Practice for Quality System in Petroleum Products and
Lubricants Testing Laboratories D6792-07 states that “procedures shall be
established to ensure that measuring and testing equipment is calibrated,
maintained properly, and is in statistical control. Items to consider when cre-
ating these procedures include:
¢ Records of Calibration and Maintenance
*  Calibration and Maintenance Schedule.
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TABLE 2—Classification of Analytical Instrumentation Used
in Laboratories
Class | Class Il Class lll
Glassware Colorimeter AAS
Centrifuge Pressure gages ICP-AES
Cold or hot baths Glassware, if critical in final XRF
analysis
Hot plates / ovens / furnaces Microwave digestion ovens Thermometers (E77)
Freezers Balances (E319, E898)
Mixers / stirrers / shakers .. ICP-MS
Refrigerators . MS
Sonic baths . FT-IR
Noncritical thermometers NMR
Desiccators
Drying ovens

e Traceability to National or International Standards
* Requirements of the Test Method or Procedure,

e Customer Requirements, and

*  Corrective Actions.”

Based on the requirements of calibration involved and the importance of
an instrument or an apparatus being calibrated, most laboratory apparatus and
analytical instruments used can be (arguably) classified into three categories as
Class I, II, and III, based on the extent of calibration needed in each case from
minimal to extensive, and with increasing degree of importance or criticality
(Table 2).

Class I apparatus include miscellaneous, unsophisticated equipment that
may need no calibration or minimal verification such as motor speed or temper-
ature maintained. Perhaps stirrers or some types of thermometers will fall in this
category. Generally, these apparatus do not produce actual analytical data.

Class II apparatus include equipment that should be maintained, or possibly
calibrated on a routine basis, and may have minimal verification requirements.
This might include, for example, balances, temperature controllers, and gas flow
meters. The data from Class II instruments usually is not sent to the customers.

Class III instruments include sophisticated instrumentation and equipment
that should require scheduled full verification, calibration, or both as given in
the standard ASTM protocols before the instrument is used for the sample anal-
ysis. These may be done either by the analysts or outside contractors or origi-
nal equipment manufacturers (OEM). For all of these instruments ASTM
standard methods are available which should be followed in operation. The
data produced from these instruments could be given to the customers.
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The four most commonly used accessories in most analytical testing are
temperature-measuring devices (TMD), time-measuring devices, balances, and
glassware.

TEMPERATURE-MEASURING DEVICES

These include liquid-in-glass mercury or alcohol thermometers and other elec-
tronic digital thermometers and thermocouple probes. With the increasing con-
cern about mercury toxicity, such thermometers are being replaced in the
laboratories as well as in ASTM test methods with electronic devices. These cali-
brated thermometers should have tags affixed to them indicating the date of
current and next calibrations, correction factor, if any, and the name of the
person calibrating them. ASTM standards E77 and E2251 describe calibration
requirements for thermometers.

The critical TMDs are purchased from vendors with a certificate verifying
that they are calibrated using ASTM standard methods and are traceable to
NIST standards. One certified set of thermometers is purchased to be used
exclusively for verifying other TMDs. Annually, the certified set of thermome-
ters can be verified using the NIST traceable standards. This service is often
contracted out. Over and above the annual recalibration of TMDs, some ASTM
test methods specifically require additional calibration of thermometers as a
part of the analytical procedure. Individual ASTM test methods should be con-
sulted for details of required recalibrations. Many ASTM test methods do not,
however, specify the frequency of calibration. The thermometers that are not
used in analytical testing are considered noncritical and generally are not cali-
brated. Such thermometers are used, for example, in blending and synthesis.

TIMERS

Both stopwatches and electronic time-measuring devices can be calibrated once a
year using the time signals as broadcast by NIST and received by calling the NIST
phone number in Boulder, Colorado. The procedure is given in Appendix A3 of
ASTM Standard Test Method D445. The timers used for general laboratory pur-
poses are verified at two different intervals: 60 and 300 seconds. These verification
data are recorded in laboratory notebooks. Any timer not meeting the verification
standard is discarded. No other maintenance is expected on these timers.

MASS BALANCES

The procedure for calibration of laboratory electronic mass balances is described
in ASTM standard E898 or E319. Balances are usually calibrated once a year
using NIST traceable standard weights. Generally most laboratories contract this
function to a vendor. Use of NIST mass standards maintains traceability.

A suggested calibration frequency for generic equipment used in elemental
analysis is given in Table 3. In-house calibrations should follow reliable proce-
dures and protocols recommended by NIST or other recognized standards writ-
ing bodies.

VOLUMETRIC GLASSWARE

Certified glassware should be used or be calibrated according to ASTM standards
E542 or E288. This applies only to, e.g.,, burets, pipets, syringes, and volumetric
flasks, and not to beakers that are generally not used for quantitative measurements.
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TABLE 3—Suggested Calibration Frequency for Generic
Laboratory Equipment

Instrument Calibration Frequency Possible Calibrator®
Pipets Annual In-house

Balances Annual In-house or vendor
Volumetric ware Only Class A materials used In-house
Thermometers Annual In-house or vendor
Stopwatches Annual In-house
Flowmeters Annual In-house or vendor
AAS At the time of analysis In-house

ICP-AES At the time of analysis In-house

ICP-MS At the time of analysis In-house

XRF As necessary In-house or manufacturer
2 Other sources for calibration services are acceptable.

In all above cases, two requirements must be satisfied: (a) traceability to
national standards, and (b) use of national standards methods of verification.

Calibration Standards

Calibration standards appropriate for the method and characterized with the
accuracy demanded by the analysis to be performed must be used during anal-
ysis. Calibration materials consisting of materials closely resembling the test
samples are needed for this purpose but may be difficult or impossible to pre-
pare or obtain. The analyst may be forced to use surrogates added to the test
sample or the method of standard additions of analyte to calibrate the mea-
surement system.

Quantitative calibration standards should be prepared from constituents of
known purity. Use should be made of primary calibration standards or certified
reference materials specified or allowed in the test method. A wide variety of
such standards are available from commercial sources, NIST, and so on. Many
laboratories have capabilities of preparing reliable in-house standards. Calibra-
tion standards identical to the samples being analyzed would be ideal, but fail-
ing that, at least some type of standard must be used to validate the analytical
sequence. In physical measurements this is usually achievable, but it is often
difficult or sometimes almost impossible in chemical measurements. Even the
effects of small deviations from matrix match and analyte concentration level
may need to be considered and evaluated on the basis of theoretical or experi-
mental evidence. Sometimes using standard additions technique to calibrate
the measurement system is a possibility. But because an artificially added ana-
lyte may not necessarily respond in the same manner as a naturally occurring
analyte, this approach may not be always valid, particularly in molecular speci-
ation work [2].
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If a laboratory wants to prepare in-house calibration standards, the appro-
priate values for reference materials should be produced following the certifi-
cation protocol used by NIST or other standards issuing bodies, and should be
traceable to national or international standard reference materials, if required
or appropriate.

NIST uses seven models for value assignment of reference materials for
chemical measurements: NIST-certified values are derived from certification at
NIST using a single primary method with confirmation by other methods or
using two independent critically evaluated methods or using one method at
NIST and different methods by outside collaborating laboratories. NIST refer-
ence values are derived from the last of the two models mentioned, as well as
values based on measurements by two or more laboratories using different
methods in collaboration with NIST, or based on a method specific protocol,
or NIST measurements using a single method or measurement by an outside
collaborating laboratory using a single method, or based on selected data from
interlaboratory studies. The last four means are used also for assigning NIST
information values. See NIST Special Publication 260-136 for further details
on this subject [3].

In addition to the oilsoluble organometallic compounds used to calibrate
instruments such as atomic absorption spectrometry (AAS), inductively coupled
plasma-atomic emission pectrometry (ICP-AES), or Xray fluorescence (XRF),
single-element or multielement calibration standards may also be prepared from
materials similar to the samples being analyzed, provided the calibration
standards to be used have previously been characterized by independent, primary
(for example, gravimetric or volumetric) analytical techniques to establish the
elemental concentration at mass percent levels.

REFERENCE MATERIALS

Reference materials (RM) can be classified as primary or secondary. The primary
RMs are well-characterized, stable, homogenous materials produced in quantity,
and with one or more physical or chemical property experimentally determined,
within the stated measurement uncertainties. These are certified by a recognized
standardization laboratory using the most accurate and reliable measurement
techniques. The secondary RMs are working standards or quality control (QC)
standards and may have undergone less rigorous evaluation for day-to-day use in
the laboratory. Discussion on preparation and use of reference materials is
included in Chapter 3 on calibration and quality control reference materials in
this monograph. That chapter is important companion reading to this chapter.

CALIBRATION FREQUENCY

The calibration schedules will vary with the instrument type, some needing cali-
bration before each set of analysis (e.g., AAS), others requiring calibration at
less frequent periods (e.g. XRF). An important aspect of calibration is the deci-
sion on calibration intervals, i.e., the maximum period between successive reca-
librations. Two basic and opposing considerations are involved: the risk of
being out of tolerance at any time of use, and the cost in time and effort. The
former should be the major concern because of the dilemma of what to do
with the data obtained during the interval between the last known in and the
first known out of calibration. An overly conservative approach could, however,
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be prohibitively expensive. A realistic schedule should reduce the risk of the for-
mer without undue cost and disruption to work schedules. The factors that
need to be considered in a realistic schedule include [2]:

*  Accuracy requirement for the measured data

*  Level of risk involved

*  Experience of the laboratory in use of the equipment or methodology

*  Experience of the measurement community

*  Manufacturer’s recommendations

e External requirements for acceptability of data

e Cost of calibration and quality control.

The best way to develop a specific calibration schedule is to start with a
fairly frequent (too often) schedule, document the results of each calibration
(actual readings versus calibrated readings), and start increasing the interval
until a point is reached where one can determine that the accuracy desired is
not being maintained. Apart from the techniques that require calibration with
every analysis, such as AAS and ICP-AES, calibration should be triggered by
quality control sample results or control chart rule being violated. To calibrate
simply because it is time to calibrate is a waste of resources. In XRF analysis, if
the quality control or the check sample goes out of control, drift correction is
done. If the drift correction does not correct the problem, then calibration
should be done.

The higher the accuracy required, the higher the initial cost of the equip-
ment, the frequency of calibration, and the level of attention required. Hence,
every effort should be made to use the highest level of uncertainty permissible.
Repeatability or data compatibility or both are normally issues of greater con-
cern than absolute accuracy. The ability to feel confident that the data taken
today are comparable with the data taken at an earlier time or to be taken in
the future is normally more critical. Stability, i.e., the ability of the device to
produce the same reading at the same condition over an extended period of
time, is another important concern. The absolute accuracy of a device may be
low but its stability could be high. If so, the ability to compare results over time
is greatly improved. The level of uncertainty of a measurement is also depend-
ent on the total system, many of whose components have poorly defined long-
term performance, with other components being very dependent on external
conditions such as temperature and humidity.

An initial choice of calibration intervals may be made on the basis of previ-
ous knowledge or intuition. Based on the experience gained during its use, the
intervals could be expanded if the methodology is always within tolerance at
each recalibration, or it should be decreased if significant out-of-tolerance is
observed. Control charts may be used to monitor the change of measured value
of a stable test item correlated with the need to recalibrate. Many laboratories
use a posted schedule of calibration that is followed by the analysts. This is
fine, so long as intelligent judgment is used in adhering to this schedule. If the
quality control sample or routine sample data produced by an instrument
appear to be of doubtful quality, the first thing to check is the quality control
and calibration of the instrument, irrespective of the calibration schedule.

There are some tests (e.g., ICP-AES) where calibration is an integral part of
the analysis and ASTM test methods explicitly state the needed frequency. In all
such cases this requirement must be met.
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Calibration Documentation
All calibration records should be documented either in the instrument computer
software or in manually prepared laboratory notebooks. This should include
information such as date of last and next calibrations, the person who per-
formed the calibration, method or procedure used for calibration, the material
used for calibration, the values obtained during calibration, and the nature and
traceability (if applicable) of the calibration standards. Records may be main-
tained electronically.

For instruments that require calibration, calibration and maintenance records
may be combined.

CALIBRATION IN PHOTOMETRIC TEST METHODS

A number of test methods use flame emission or colorimetric measurements
for quantitation of analytes, usually after reacting the matrix with a chromo-
genic reagent. Such instruments need to be calibrated using appropriate
standards developed by reacting the pure metal analyte with the chromogenic
reagent. The calibration curve of analyte concentration versus the photosignal
(absorbance or transmittance) should follow the Beer-Lambert Law. The sam-
ple analysis should be carried out only in the linear range of the plot. If nec-
essary, solutions with higher concentrations of metals should be diluted to
bring them into the linear range of calibration.

Multiple standards, generally between three and six, are used for develop-
ing the calibration curve. The absorbance or transmittance of standard solu-
tions is corrected by subtracting the signal of the blank solution. If a chemical
procedure is used to develop the color, the same reagents and steps also need
to be included in developing the blank color.

The test methods using such photometric methods include the following.

ASTM Test Method
Number Analyte Matrix Measurement Technique
D1091A Phosphorus Lube oils and additives Colorimetry
D1318 Sodium Fuel oils Flame photometry
D1548 Vanadium Fuel oils Colorimetry
D1839 Amyl nitrate Diesel Spectrophotometry
D2784B Sulfur LPG Titrimetry or photometry
D3231 Phosphorus Gasoline Spectrophotometry
D3340 Lithium / sodium Greases Flame photometry
D3348 Lead Gasoline Colorimetry
D4045 Sulfur Petroleum Rateometric colorimetry
D4046 Alkyl nitrate Diesel Spectrophotometry
D7041 Diesel Sulfur Flame photometry




CHAPTER2 =  CALIBRATION PROTOCOLS 33

CALIBRATION IN ATOMIC ABSORPTION SPECTROMETRY

A number of metals are determined by the popular technique AAS. In all cases
the instrument needs to be calibrated before each set of analysis. Usually solu-
tions of organometallic standards dissolved in solvents such as xylene, toluene,
MIBK (methyl isobutyl ketone), and kerosine are used. Such standards are
widely available from commercial sources or NIST. The concentration of metals
in the standards for actual calibration is usually kept between 1 to 10 mg/kg,
prepared by dilution from stock solutions. Although the purchased stock
solutions of high metal concentrations can be preserved for long periods of
time, the diluted working standards should not be kept for more than a day,
since it is possible that there may be loss of analyte by adsorption on the con-
tainer walls.

Similar to the photometric methods, a plot or correlation based on metal
concentration versus absorbance is prepared and the metal concentration in
the samples is calculated based on this factor. The analysis should be done only
within the range of linear curve. If expected metal concentration is higher than
the linear range, the sample should be diluted with appropriate solvent; other-
wise results biased low will result.

The calibration curve may be manually plotted using concentration of
metal in the working standards on the x-axis and corrected absorbance on the
y-axis. Most AAS instruments have the capability of automatically constructing
the calibration curve internally with the instrument software and displaying
the curve on the instrument computer terminal, making actual manual plot-
ting unnecessary. A curve with the best possible fit of the data within the
available means should be used.

Most modern AAS instruments can store up to three or four calibration
standards in memory. In such cases, follow the manufacturer’s instructions,
ensuring that the unknown sample’s absorbance is in the linear part of the cali-
bration range used.

Generally, stock solutions of standards contain 100 to 1,000 mg/kg metal
concentration. For working standards, these are diluted with appropriate
organic solvents to a level of up to about 10 mg/kg.

Generally three to six standards are used for establishing the calibration
curve of metal concentration versus absorption signal. Often, though, one
standard in the linear range is sufficient. A blank needs to be subtracted from
the standard solutions’ absorbance for compensating any contribution from the
metals contaminating the standard solutions. If any chemical step is involved
in final standard preparation, it should also be included in the blank solution
preparation.

Calibration must be carried out before analyzing each group of samples
and after finding any change in instrumental conditions, because instrument
behavior can vary. Readings also may vary over short periods of time from
such causes as buildup of deposits on the burner slot or in the nebulizer. Thus,
a single standard should be aspirated from time to time during a series of sam-
ples to check whether the calibration has changed. A check after every fifth
sample is recommended. The visual appearance of the flame also serves as a
useful check to detect changes of condition.

Although the AAS methods are depicted as single-element analysis methods,
they can be used to determine multiple elements in a single sample. In such
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cases the sequence of operations in analyzing several samples should also be
considered. Aspiration of a sample to determine the absorbance is very quick.
Changing wavelength setting and lamps takes longer. Thus, it is most economi-
cal to make measurements at a single wavelength on a series of samples and
standards before changing conditions. In such cases use of multielement cali-
bration standards and multielement hollow cathode lamps would be useful.

Some of the test methods available for petroleum products and lubricants
analysis using AAS include the following.

ASTM Test Method
Number Analyte Matrix
D3237 Lead Gasoline
D3605 Trace metals Gas turbine fuels
D3831 Manganese Gasoline
D4628 Additive metals Lube oils and additives
D5056 Trace metals Petroleum coke
D5184B Aluminum and silicon Fuels oils
D5863 Metals Crude oils and residual

fuels

D6732 Copper Jet fuels

Although not strictly the AAS or ICP-AES type methods, D6595 and D6728
use rotating-disc electrode AES methods to determine wear metals and contam-
inants in used lubricating oils, used hydraulic fluids, and gas turbine and diesel
engine fuels. The calibration operation range of such instruments for each ele-
ment is established through the analysis of organometallic standards at known
concentrations in the instrument manufacturing factory. A calibration curve for
each element is established and correction factors are set to produce a linear
response. Analyses of the test specimen must be performed within the linear
range of the response. A minimum of a two-point routine standardization
should be performed if the instrument fails the validation check or at the start
of each working shift. A minimum of three analyses should be made using the
blank and working standard.

CALIBRATION IN ICP-AES TEST METHODS

Given the capability of ICP-AES for simultaneous multielement capability, most
laboratories use multielement standards for instrument calibration. Although
such standards can be prepared in-house from pure organometallic standards,
it is much more practical and convenient to use preblended, multielement
organic standards available from many commercial sources. Most are available
dissolved in base oil or other organic solvents at levels from 20 to 1000 mg/kg
of individual elements. Custom-blended standards can also be obtained from
these sources.
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More than one multielement standard may be necessary to cover all ele-
ments of interest. It is imperative that concentrations are selected such that the
emission intensities measured with the working standards can be measured pre-
cisely (i.e., the emission intensities are significantly greater than background),
and these standards represent the linear region of the calibration curve. Fre-
quently, the instrument manufacturer publishes guidelines for determining lin-
ear range.

Some commercially available organometallic standards are prepared from
metal sulfonates, and therefore contain sulfur. Thus, for sulfur determination,
a separate sulfur calibration standard can be required. Metal sulfonates can be
used as a sulfur standard if the sulfur content is known or determined by an
appropriate test method such as D1552. Petroleum additives can also be used
as organometallic standards if their use does not adversely affect the precision
nor introduce significant bias.

Some of the ICP-AES methods (e.g.,, D5184, D5600, and D7303) use aque-
ous solutions after decomposing the organic matrices, converting them into
dilute acidic aqueous solutions. In such cases aqueous metal standards must be
used. These are widely available from commercial sources, usually in 100 to
1000 mg/kg concentrations. They also can be prepared in-house by dissolving
inorganic metal salts in dilute acids.

The linear range of all ICP-AES curves must be determined for the instru-
ment being used. This is accomplished by running intermediate standards
between the blank and the working standards and by running standards con-
taining higher concentrations than the working standards. Analyses of test spec-
imen solutions must be performed within the linear range of the calibration
curve. At the beginning of the analysis of each set of test specimen solutions, a
two-point calibration using the blank and the working standard is performed.
A check standard is used to determine if each element is in calibration. When
the results obtained with a check standard are within 5 % relative of the
expected concentration for all elements, the analysis may be continued. Other-
wise, any necessary adjustments to the instrument need to be made and the
calibration repeated.

The calibration curves can be constructed differently, depending on the
implementation of internal standard compensation. When analyte intensities
are ratioed to internal standard intensities, the calibration curve, in effect, is
a plot of intensity ratio for analyte versus the analyte concentration. When
the internal standard compensation is handled by multiplying all results for
a test specimen by the ratio of the actual internal standard concentration to
the determined internal standard concentration, the calibration curve is, in
effect, a plot of intensity for analyte minus intensity of the blank for the ana-
lyte versus analyte concentration. Although normally the calibration curves
would be linear, sometimes inclusion of a second-order term can give a bet-
ter fit, although in such cases it would require at least five standards for
calibration.

Detailed discussion of calibration and all other pertinent protocols for
use of ICP-AES for analyzing petroleum products and lubricants is given in
ASTM Standard Practice D7260. Some of the test methods available for anal-
ysis of petroleum products and lubricants using ICP-AES include the
following.
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ASTM Test Methods
Number | Analyte Matrix
D4951 Additive metals Additives and lubricants
D5184A | Aluminum and silicon Fuel oils
D5185 Additive metals and contaminants Base oils, lube oils, and used lube oils
D5600 Trace metals Petroleum coke
D5708 Nickel, vanadium, and iron Crude oils and residual fuels
D7040 Phosphorus Lube oils
D7111 Trace elements Middle distillate fuels
D7303 Metals Lubricating greases
D7691 Metals Crude oil

CALIBRATION IN NEUTRON ACTIVATION ANALYSIS

Neutron activation analysis (NAA) is like AAS, ICP-AES, or XRF based on compari-
son of measurements from the sample and a standard of an analyte of interest.
In NAA standards are prepared from highly stable, pure metallic compounds,
which are sealed in quartz ampoules along with similarly prepared samples. After
irradiation, radioactivities from sample and standard are counted and the ratio
allows one to calculate the concentration of the element of interest in the sample.
It has been suggested to use certified reference material as the irradiation stan-
dard. The advantage of this approach is that the values of a great number of ele-
ments are known with a fair degree of uncertainty, elimination of effort to
prepare a multielement calibration standard is eliminated, and any matrix differ-
ence between the sample and the standard is eliminated where possible [4].

CALIBRATION IN XRF TEST METHODS

Similar to ICP-AES, XRF has the capability of multielement analysis, even with
a better precision. A large number of XRF test methods have been written for
the determination of low levels of sulfur in fuels because of its importance in
environmental and regulatory affairs.

Detailed discussion about the sample handling, calibration, and validation
using XRF methods can be found in ASTM Standard Practice D7343. Some of
the test methods utilizing XRF technique for the analysis of petroleum prod-
ucts and lubricants include the following.

ASTM Test Method

Number Analyte Matrix XRF Type?
D2622 Sulfur Petroleum products WD-XRF
D4294 Sulfur Petroleum products ED-XRF
D4927 Additive elements Additives and lube oils WD-XRF
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Number Analyte Matrix XRF Type®
D5059 Lead Gasoline WD-XRF
D6334 Sulfur Gasoline WD-XRF
D6443 Additive elements Additives and lube oils WD-XRF
D6445 Sulfur Gasoline ED-XRF
D64381 Additive elements Lube oils ED-XRF
D7039 Sulfur Gasoline and diesel MWD-XRF
D7212 Sulfur Automotive fuels ED-XRF
D7220 Sulfur Automotive fuels ED-XRF
2WD-XRF: wavelength dispersive X-ray fluorescence; ED-XRF: energy dispersive X-ray fluorescence;
MWD-XRF: monochromatic wavelength dispersive X-ray fluorescence.

The calibration standards used in XRF analysis are similar to those used in
ICP-AES analysis. Because for petroleum products analysis XRF usually is a solu-
tion analysis, the standards are prepared from pure organometallic compounds
or organic sulfur compounds in base oil or other suitable organic solvents. Par-
ticular attention needs to be paid to the purity of the solvent used. Otherwise a
blank correction may be necessary for the contaminants in the solvent.

Working calibration standards can be prepared by careful mass dilution of
a certified organic compound with an analyte-free white oil or other suitable
base material such as toluene, iso-octane, and xylene. The concentration of the
unknown samples must lie within the calibration range that is used.

Some of the calibration standards suggested and widely used include:

1. Din-butyl sulfide, thiophene, 2-methyl thiophene for sulfur analysis.

2. Polysulfide oil: generally, nonyl polysulfides containing a known percent-
age of sulfur (as high as 50 m%) diluted in a hydrocarbon matrix. They
exhibit excellent physical properties such as low viscosity, low volatility,
and durable shelf life while being completely miscible in white oil. The sul-
fur content of the polysulfide oil concentrate is determined via mass dilu-
tion in sulfurfree white oil followed by a direct comparison analysis
against NIST (or other primary standard body) reference materials.

3. Metal sulfonates, octoates, ethylhexanoates, or cyclohexanebutyrates for
metal analysis such as barium, calcium, copper, magnesium, phosphorus,
and zinc.

The calibration standards and check samples should be stored in glass bot-
tles in a cool dark place until required. The glass bottles should be either dark
or wrapped in opaque material and closed with glass stoppers, inert plastic
lined screw caps, or other equally inert, impermeable enclosures. As soon as
any sediment or change of concentration is observed, the standard should be
discarded.

The calibration curve is established by determining the net intensity of the
emitted radiation from the metal of interest in each of the standards. Usually
five to ten calibration standards may be employed; these may be in the milli-
grams per kilogram or 0.x mass percent levels, depending on the level of the
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analyte to be determined in the samples. Usually a calibration model is pre-
pared by the software in the XRF instrument.

Respective X-ray cups are filled at least half full with the calibration stand-
ard solutions. No wrinkle or bulges should appear in the film, which must be
flat. The filled cups with a vent hole punched in the top of the cell are placed
in the X-ray beam to measure and record the net intensity (i.e., peak intensity
minus background intensity) for the analyte signal. Although many XRF instru-
ments can count for times even greater than 15 minutes, in petroleum prod-
ucts analysis a counting period up to 60 seconds may be used at each
wavelength position. This is done for each of the calibration standards for each
of the elements measured. A regression analysis is performed for each calibra-
tion element by plotting on a linear graph paper or using the instrument com-
puter system. It is recommended that a multiple linear regression be performed
for each calibration. The regression analysis will determine a slope and an inter-
cept for each calibration element that will be used to determine elemental con-
centrations in the samples to be analyzed.

The initial calibration to obtain the slope, intercept, and interelement corre-
lation factors is performed initially when the test method is set up, after any
major instrumental maintenance is performed that could affect the calibration
(for example, new X-ray tube installed, new crystal added, and so forth), and as
deemed necessary by the operator (for example, triggered by quality-control
sample results). Subsequently, recalibration is performed with a minimum of
three standards containing each of the calibration elements at nominal concen-
trations across the respective calibration ranges to check the values of the slope
and the intercept.

Immediately after the calibrations are completed, the sulfur concentration
of one or more of the calibration check samples is determined. The difference
between the two measured values should be within the repeatability of the test
method being used. When this is not the case, the stability of the instrument
and the repeatability of the sample preparation may be suspect, and corrective
measures should be taken. The degree of matrix mismatch should also be con-
sidered when evaluating a calibration.

Using drift correction monitors to determine and correct instrument drift
can be advantageous. Monitors are stable, solid disks or pellets containing all
elements of interest in the test method used. Two disks are preferred to correct
for both sensitivity and baseline drifts. The high-concentration drift monitor
provides high-count rates, so that for each analyte, counting error is less than
0.25 % relative. The low-concentration drift monitor provides low-count rates,
so that for each element, count rate is similar to that obtained with the calibra-
tion blank, or 0.0 mass % standard.

CALIBRATION IN INFRARED ANALYSIS
Although often used for qualitative analysis to identify molecular species, Fou-
rier transform-infrared (FT-IR) spectroscopy can also be used for quantitation
of these species. A number of ASTM standard practices are available for check-
ing the performance of an IR or FT-IR spectrometer: e.g.,, D7418, E168, E932,
E1252, and E1421.

Before any series of measurements, the spectrometer is standardized using
the polystyrene test film. Most modern FT-IR instruments will automatically
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perform this verification as a part of the startup routine. Usually two perform-

ance tests are conducted:

1. An interferogram test is used to check the alignment. The central burst of
the interferogram should be a sharp and stable negative peak.

2. A 100 % line test should give a level straight line at 100 % transmittance.
In reality there is always some noise and the line is level with some scatter.
This test is considered successful even if the line has a tilt at either or both
ends, which at 5000 and 600 cm™ falls between 99.5 and 100.5 % transmit-
tance. A line falling above or below these values is considered a failed test
and the nitrogen purge should be checked.

Quantitative IR analysis is conducted by measuring peak heights or peak
areas and developing a calibration curve to relate these values to concentration.
Quantitative analysis follows Beer-Lambert law. Increasingly, IR quantitative anal-
ysis is done using multivariate methods. Sometimes such multivariate methods
are calibrated using surrogate mixtures, i.e., gravimetric mixtures of pure com-
pounds. See Chapter 17 on IR analysis in this monograph for a detailed discus-
sion of these calibration techniques.

CALIBRATION IN NMR ANALYSIS

Nuclear magnetic resonance (NMR) is used for identifying molecular species in
complex petroleum products. ASTM has issued at least four standard methods
in this area.

1. D3701 - Hydrogen Content of Aviation Turbine Fuels by Low Resolution

Nuclear Magnetic Resonance Spectrometry.

2. D4808 - Hydrogen Content of Light Distillates, Middle Distillates, Gas Oils,
and Residua by Low Resolution Nuclear Magnetic Resonance Spectrometry.

3. D5292 - Aromatic Carbon Contents of Hydrocarbon Oils by High Resolu-
tion Nuclear Magnetic Resonance Spectroscopy.

4. D7171 — Hydrogen Content of Middle Distillate Petroleum Products by Low

Resolution Pulsed Nuclear Magnetic Resonance Spectroscopy.

In these methods, calibration of the instrument is achieved by using a pure
hydrocarbon as a reference standard. Results from the integrator of the instru-
ment are used as a means of comparing the theoretical hydrogen content of
the standard with that of the sample.

CALIBRATION IN GC-MS METHODS

A widely used technique for the determination of organic compounds in petro-
leum products is gas chromatography (GC), often combined with mass spec-
trometry (MS), to identify and quantify organic components. See Chapter 19 of
this monograph for a detailed discussion of this topic. A calibration curve is
obtained by analyzing a known mixture of hydrocarbons covering the boiling
range expected in the sample under the same chromatographic conditions as
those used for samples. The calibration mixture is prepared by accurately
weighed mixture of approximately equal mass quantities of n-hydrocarbons dis-
solved in a solvent such as carbon disulfide, etc. The mixture should cover the
range from n-Cs to C44 but does not need to include every carbon number. Cali-
bration mixtures containing normal paraffins with the carbon numbers 5-12,
14-18, 20, 24, 28, 32, 36, 40, and 44 give a sufficient number of points to gener-
ate a reliable calibration curve.
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The mass spectrometric part of the analyses follows a similar approach,
where a mixture of organic components is analyzed under the same conditions
as the sample and characteristic mass fragments are correlated to the concen-
tration of hydrocarbon types. The average carbon numbers of the hydrocarbon
types are calculated from the spectral data. The mixture spectrum obtained is
resolved into individual constituents using simultaneous equations derived
from the mass spectra of the pure compounds.

BLANK DETERMINATION

Although every attempt is made during an analysis to use pure reagents and
maintain a clean working environment, often there will be contamination from
an unknown quantity of the analyte of interest in an analytical sequence. To
minimize such effects, a blank should always be subtracted from the sample
and standard measurement responses. The blank sample in such cases should
contain the same quantities of reagents or solvents added to the samples and
undergo the same processing steps to mimic a sample treatment.

Referenced Standards

D445 Test Method for Kinematic Viscosity of Transparent and Opaque Liquids
(and Calculation of Dynamic Viscosity)

D482 Test Method for Ash from Petroleum Products

D874 Test Method for Sulfated Ash from Lubricating Oils and Lubricants

D2622 Test Method for Sulfur in Petroleum Products by Wavelength Dispersive

X-ray Fluorescence Spectrometry

D4294 Test Method for Sulfur in Petroleum and Petroleum Products by Energy
Dispersive X-ray Spectrometry

D4951 Test Method for Determination of Additive Elements in Lubricating Oils
by Inductively Coupled Plasma Atomic Emission Spectrometry

D5185 Test Method for Determination of Additive Elements, Wear Metals, and
Contaminants in Used Lubricating Oils and Determination of Selected Ele-
ments in Base Oils by Inductively Coupled Plasma Atomic Emission
Spectrometry

D6792 Practice for Quality System in Petroleum Products and Lubricants Testing
Laboratories

D7171 Test Method for Hydrogen Content of Middle Distillate Petroleum Prod-
ucts by Low Resolution Pulsed Nuclear Magnetic Resonance Spectrometry

D7260 Practice for Optimization, Calibration, and Validation of Inductively
Coupled Plasma Atomic Emission Spectrometry for Elemental Analysis of
Petroleum Products and Lubricants

D7343 Practice for Optimization, Sample Handling, Calibration, and Validation of
X-ray Fluorescence Spectrometry Methods for Elemental Analysis of Petro-
leum Products and Lubricants
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D7691 Test Method for Determination of Metals in Crude Oils by ICP-AES

E77 Test Method for Inspection and Verification of Thermometers

E168 Practice for General Techniques of Infrared Quantitative Analysis

E287 / 288 Specification for Laboratory Glass Graduated Burets and Volumetric Flasks

E319 Practice for the Evaluation of Single Pan Mechanical Balances

E542 Practice for Calibration of Laboratory Volumetric Apparatus

E898 Test Method of Testing Top-Loading, Direct-Reading Laboratory Scales
and Balances

E932 Practice for Describing and Measuring Performance of Dispersive Infrared
Spectrometers

E1252 Practice for General Techniques for Qualitative Infrared Analysis

E1421 Practice for Describing and Measuring Performance of FT-IR Spectrometers

E1866 Guide to Establishing Spectrophotometer Performance Tests

E1944 Practice for Describing and Measuring Performance of Fourier Transform
Near Infrared Spectrometers

E2251 Specification for Liquid-in-Glass ASTM Thermometers with Low Hazard
Precision Liquids
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INTRODUCTION

Quality assurance (QA) has been a fact of life in virtually all chemical processes
and industries for many decades. Quality is an ingrained attitude, the results of
which have a positive impact on all operations. Production of quality data does
not occur automatically and is not guaranteed by following any one procedure
or even several established procedures. It needs dedicated effort, careful atten-
tion to details, and practice of recognized principles of quality assurance.

Modern quality assurance is based on the premise that measurement can
be established as a process that can be in a state of statistical control, achieva-
ble by applying the principles of quality control. The output of such a process
can be described statistically and limits can be assigned for the confidence of
single measurements. Hence, limits of uncertainty can be established for the
data. Taylor [1] distinguishes between quality assurance and quality control.
Quality assurance is a system of activities, the purpose of which is to provide to
the producer and the user of a product or service the assurance that it meets
defined standards of quality with a stated level of confidence. The QA system
includes the separate but coordinated activities of quality control and quality
assurance. Quality control is the overall system of activities designed to control
the quality of a product or service so that it meets the needs of users. Inspec-
tion can play an important role in quality control. Inspection steps during sam-
pling, calibration, and measurement can detect defects, malfunctions, or other
problems that could jeopardize the analytical process and that should trigger
corrective actions to rectify the causes and stabilize the system.

Similar to the measurements of chemical or physical properties, spectro-
scopic measurements should also be subjected to rigorous scrutiny for the
validity and fitness for use of the data produced. As a part of the spectroscopic
measurements themselves, there do exist certain protocols to validate the result-
ing data. These should be supplemented by additional statistical protocols used
to review and maintain the statistical integrity of the spectroscopic data.

Table 1 gives the definitions of various statistical and other related termi-
nology used in this chapter.

This chapter is divided into three main parts although sometimes these
areas overlap with each other: (1) Overall laboratory quality control, (2) statisti-
cal quality control of spectroscopic data, and (3) data handling protocols.

! Millennium Analytics, Inc., East Brunswick, New Jersey
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TABLE 1—Definition of Terminology Used in This Chapter

Term

Definition

Source

Accuracy

The closeness of agreement between a test result and
an accepted reference value.

D6299

ANOVA

Analysis of variance: A procedure for dividing the total
variation of a set of data into two or more parts, one
of which estimates the error due to selecting and test-
ing specimens and the other part or parts possible
sources of added variation.

D6300

ARV

Accepted reference value: A value that serves as an
agreed-upon reference for comparison and that is
derived as (a) a theoretical or established value based
on scientific principles, (b) an assigned value based on
experimental work of some national or international
organization, such as the U.S. National Institute of
Standards and Technology (NIST), or (c) a consensus
value, based on collaborative experimental work under
the auspices of a scientific or engineering group.

D6299

Assignable cause

A factor that contributes to variation and that is
feasible to detect and identify.

D6299

ATV

Assigned test value: The average of all results obtained
in the several laboratories that are considered accepta-
ble based on the reproducibility of the test method.

D3244

Bias

The difference between the population mean of the
test results and an accepted reference value.

D6300

A systematic error that contributes to the difference
between a population mean of the measurements or
test results and an accepted reference or true value.

D6299

Calibration

The determination of the value of the significant
parameters by comparison with values indicated by a
set of reference standards.

D6595

Calibration
standard

A standard having an accepted reference value for use
in calibrating a measurement instrument or system.

D6595

A material with a certified value for a relevant prop-
erty, issued by or traceable to a national organization
such as NIST, and whose properties are known with
sufficient accuracy to permit its use to evaluate the
same property of another sample.

D6792

Certified reference
material (CRM)

A reference material, one or more of whose property
values are certified by a technically valid procedure,
accompanied by a traceable certificate or other docu-
mentation which is issued by a certifying body.

D6792

(Continued)
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TABLE 1—Definition of Terminology Used in This Chapter

(Continued)

Term

Definition

Source

Check standard

A material having an assigned (known) value (refer-
ence value) used to determine the accuracy of the
measurement instrument or system. This standard is
not used to calibrate the measurement instrument or
system.

D7171

Common cause

One of the generally numerous factors, individually of
relatively small importance, that contributes to varia-
tion and that is not feasible to detect or control.

D6299

Control chart

An X-Y chart with results obtained on the Y axis versus
the sequential observation period on the X axis, and
with mean, 1, 2, and 3 sigma lines drawn on it, to
check whether the measurements are in statistical
control. The most commonly used control chart in the
chemical industry is individuals (called X or 1) chart,
which is a modified Shewhart chart.

Control limits

Limits on a control chart that are used as criteria for
signaling the need for action or for judging whether
a set of data does or does not indicate a state of
statistical control.

D6299

CpK

Process capability index, defined as minimum of either
upper specification limit-average or average-lower
specification limit divided by three sigma deviations.
A CpK of >1.33 indicates a process that meets the
specifications. A value of <1.00 CpK indicates the
process is not adequate to meet specifications and the
process or specifications must be changed.

Degrees of freedom

The divisor used in the calculation of variance. Usually,
it is n—1, where n is the number of results.

D6300

Detection limit

A stated limiting value that designates the lowest
concentration that can be determined with confidence
and that is specific to the analytical procedure used.

D7111

EWMA

Exponentially weighted moving average control chart.

D6984

Fit for use

A product, system, or service that is suitable for its
intended use.

D6624

GLP

Good laboratory practice: Guidelines for the manage-
ment of laboratory experiments that are published by
regulatory agencies or other recognized groups and
are concerned with the organizational process and the
conditions under which laboratory studies are planned,
performed, monitored, recorded, and reported. An
example would be the ASTM Standard Guide D6792.

D6046
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TABLE 1—Definition of Terminology Used in This Chapter

(Continued)

Term

Definition

Source

NIST

National Institute of Standards and Technology,
Gaithersburg, MD; formerly known as National Bureau
of Standards (NBS).

00sC

Out-of-statistical-control data or chart. A process is
called OOSC if the process fluctuates unpredictably, if
there is a trend step-jump in the readings, if there is
any change in the system of random variation, or if
there is autocorrelation present in the readings.

Outlier

A result far enough in magnitude from other results to
be considered not a part of the set.

D6300

PLOQ

Pooled limit of quantitation: Level of property or con-
centration of analyte above which the quantitative test
results can be obtained with a specified degree of
confidence.

D6259

Precision

The closeness of agreement between the test results
obtained under prescribed conditions.

D6299

The degree of agreement between two or more
results on the same property of identical test material.
Precision statements are quoted as repeatability or
reproducibility (see below).

D6300

Precision ratio

An estimate of the relative magnitude of repeatability
and reproducibility. The PR for a given standard test
method can provide information on the relative
significance between variation caused by different
operators and laboratories compared to a single
operator in a single laboratory performing the
standard test method. Essentially it is ratio of reprodu-
cibility over repeatability of a test.

D6792

Proficiency testing

Determination of a laboratory’s testing capability by
evaluating its test results in interlaboratory exchange
testing or cross-check programs.

D6792

Quality assurance

A system of activities, the purpose of which is to
provide to the producer and user of a product,
measurement, or service the assurance that it meets
the defined standards of quality with a stated level of
confidence; quality assurance includes quality planning
and quality control.

D6792

Quality control

A planned system of activities whose purpose is to
provide a level of quality that meets the needs of users.

D6792

(Continued)
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(Continued)

TABLE 1—Definition of Terminology Used in This Chapter

Term

Definition

Source

Quality control
sample

A sample for use in quality assurance program to
determine and monitor the precision and stability of a
measurement system; a stable and homogenous
material having physical or chemical properties, or
both, similar to those of typical samples tested by the
analytical measurement system. The material is prop-
erly stored to ensure sample integrity, and is available
in sufficient quantity for repeated long-term testing.

D6792

Quality index

A mathematical formula that uses data from controlled
parameters to calculate a value indicative of control
performance.

D6984

Quality
management

Management of quality assurance activities of a
laboratory or site.

Reference material

A material with accepted reference value(s),
accompanied by an uncertainty at a stated confidence
level for desired properties, which may be used for
calibration or quality control purposes in the
laboratory. The RMs issued by NIST are called standard
reference materials (SRM).

D6792

Relative bias

The difference between the population mean of the
test results and an accepted reference value, which is
the agreed-upon value obtained using an accepted
reference method for measuring the same property.

D6300

Repeatability (r)

The quantitative expression of the random error
associated with a single operator in a given laboratory
obtaining repetitive results by applying the same

test method with the same apparatus under constant
operating conditions on identical test material within a
short interval of time on the same day. It is defined

as the difference between two such results at the

95 % confidence level.

D6300

Representative
sample

A part of a homogenous material, or a part of the
composited and mixed portions of a material, that
carries all the true properties and physical characteris-
tics of the whole material.

D4296

Reproducibility (R)

A quantitative expression of the random error
associated with different operators from different
laboratories, using different apparatus, each obtaining
a single result by applying the same method on an
identical test sample. It is defined as the 95 %
confidence limit for the difference between two such
single and independent results.

D6300

Run chart

A plot of data in chronological order without control
limits.
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TABLE
(Continued)

1—Definition of Terminology Used in This Chapter

Term

Definition

Source

Site precision (R')

The value below which the absolute difference
between two individual test results obtained under site
precision conditions may be expected to occur with a
probability of approximately 95 %. It is defined as 2.77
times the standard deviation of results obtained under
site precision conditions.

D6792

SOsC

State-of-statistical-control chart or data. Over time, a
SOSC process should exhibit a mean value that does
not change; variability that does not change; no
existence of a pattern in the time sequence of the
readings; and normal distribution of points that does
not change.

Standard deviation

The most common measure of the dispersion of
observed results expressed as the positive square root
of the variance.

D6300

Standard reference
material (SRM)

A term used by NIST for their CRMs.

Statistical quality
assurance (SQA)

A system of activities to provide the producer and user
of a product or service the assurance that it meets the
defined quality standards with a stated level of
confidence. Generally, the QC system used in a
laboratory is termed SQA.

Statistical quality
control (SQQC)

The overall system of activities designed to control the
quality of a product or service so that it meets the
needs of users. Inspection can play an important role
in quality control.

Test performance
index (TPI)

An approximate measure of a laboratory’s testing
capability, defined as the ratio of test method
reproducibility to site precision.

D6792

True value

The value toward which the average of single results
obtained by N laboratories tends, when N becomes
very large. Consequently, such a true value is associ-
ated with the particular test method employed. It is
recognized that sometimes a true value may not be
equal to the method average, if the method has a
bias.

D3244

Variance

A measure of the dispersion of a series of accepted
results about their average. It is equal to the sum of
the squares of the deviation of each result from the
average, divided by the number of degrees of freedom.

D6300

(Continued)
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TABLE 1—Definition of Terminology Used in This Chapter
(Continued)

Term Definition Source

X or | control charts | A chart of individual (l) values plotted in the form of a
Shewhart X-bar chart for subgroup size n = 1. It is a
widely used control chart in the chemical industry
because due to the cost of testing, test turnaround
time, and the time interval between independent
samples, usually only a single measurement is made.
In such cases | chart is the only practical choice.

PART | - LABORATORY QUALITY MANAGEMENT

Quality assurance must be viewed as an integral part of the complete analytical
sequence, and not as an unnecessary added burden. It is surprising how many
otherwise perfectly good, even ISO 9000 registered laboratories do not practice
statistical quality assurance. A typical analytical sequence must be

QUALITY
ASSURANCE
CALIBRATION e SAMPLE

ANALYSIS

Calibration Practices

Measuring and testing equipment used in the testing laboratory should be cali-
brated where appropriate before being put into service and thereafter according
to an established program. The overall program of calibration of equipment
should be designed and operated so as to ensure that the measurements made
in the testing laboratory are traceable (where the concept is applicable) to
national standards of measurement and, where available, to international stand-
ards of measurement specified by the International Committee of Weights and
Measures. Where the concept of traceability to national or international stand-
ards of measurement is not applicable, the testing laboratory should provide sat-
isfactory evidence of correlation or accuracy of the test results (for example, by
participation in a suitable program of interlaboratory comparisons; see later sec-
tion on proficiency testing), or by primary methods such as interference free
classical chemistry techniques such and gravimetry or titrimetry.

Reference standards of measurement should be calibrated by a competent
body that can provide traceability to a national or international standard of
measurement. Where relevant, in-service testing equipment should be subjected
to checks between regular recalibrations. Reference materials should where pos-
sible be traceable to the national or international standard reference material.

Different test methods require different types of calibrations; hence, decisions
must be made on a caseby-case basis as to what is the most appropriate



CHAPTER3 m  QUALITY ASSURANCE IN SPECTROSCOPIC ANALYSIS 49

calibration and its frequency. It goes without saying, however, that the calibration
practices are a must for all analytical testing and must be thoroughly documented
both regarding the plan and the factual evidence that it is followed. The calibra-
tion schedules will vary with the instrument type, some needing calibration before
each set of analyses, others requiring calibration at less frequent intervals.

A new instrument should certainly be calibrated before putting it in use.
Frequency of calibration thereafter will be dependent on the industry practices,
SQA data, or written requirements of the standard test method. In the last case,
where calibration is an integral part of the test method, calibrations must be
done before samples are analyzed. Under no circumstances should the samples
be analyzed if the instrument is found to be out of calibration.

Quality Control Samples

The sample selected for QC analyses should be homogeneous, stable, well char-
acterized for the analyses of interest, available in sufficiently large quantities,
and, hopefully, representative of the actual samples being analyzed. The mate-
rial should be well characterized for the analyses of interest and have concentra-
tion values that are within the calibration range of the test method. It is not
advisable to use the same sample for both calibration and quality control. If the
concentration value for the species of interest is not known, replicate analyses
should be performed to obtain such value. If the QC material is observed to be
degrading or changing in physical or chemical characteristics, this should be
immediately investigated and, if necessary, a replacement QC material should
be prepared for use.

All routinely performed tests that result in quantitative data should have qual-
ity control samples analyzed as part of the complete analytical cycle. The fre-
quency of SQA analysis will depend on the type of analysis and the instrument
involved. Certainly at least one SQA standard should be analyzed with each lot of
samples analyzed. Preferably one SQA standard should be analyzed before and
after a series of analyses; even better, a few SQA samples should be interspersed
with several real samples to continuously monitor the analytical data quality.
A rule of thumb generally used is one SQA sample per five to ten samples.

Principal factors to consider for determining the frequency of testing
include:

1. Frequency of use of the analytical measurement system

2. Criticality of the parameter being measured and business economics

3. Established system stability and precision performance based on past
history

4. Regulatory requirements

5. Contractual provisions

6. Test method requirements.

Table 2 lists recommended minimal QC frequencies as a function of preci-
sion ratio (PR) and TPI. For those tests that are performed infrequently, say 25
samples spread over a month, at least one QC sample should be analyzed each
time samples are analyzed. In some cases, the minimal QC frequency recom-
mended in Table 2 may not be sufficient to ensure adequate statistical quality
control, considering, for example, the significance of the use of such results.
The TPI should be recalculated and reviewed at least annually. Adjustments to
the QC frequency may be made based on the recalculated TPIs. Special
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TABLE 2—Minimal QC Frequency as a Function of TPI

TPI for Standard
Test Methods with
PR <4

TPI for Standard
Test Methods with
PR =/> 4

Normal Quality
Control Frequency

Approximate
Percentage of
QC Samples per
Total Analyses

Not determined Not determined 10 9
<0.8 <16 10 9
0.8-1.2 1.6-24 20 5
1.2-2.0 24-40 35 3
> 2.0 > 4.0 40 2

treatment of QC samples to get a better result should be avoided because this
seriously undermines the integrity of precision and bias estimates.

If the SOA sample indicates out-of-control results, immediate remedial
action must be taken before analyzing further samples. Once the SQA fre-
quency is established and the analysis appears to be in control over a long
period of time, the QC frequency may be reduced.

Quality Control Charts

All QC data generated in the laboratory must be promptly plotted on a control
chart, either manually or electronically. The charts used may be of any standard
types available, such as I chart, X chart, moving average and moving range, expo-
nentially weighted moving average (EWMA), or cumulated sums (CUSUM)
charts. The person who performs the actual analyses should add the data points
to the control charts immediately after completing the analyses, and verify that
the test is under statistical control. Plotting a chart is not an end itself. The
statistical behavior that data are indicating must be acted upon. There are a num-
ber of statistical run rules; at least three to four of the most-commonly used run
rules should be followed (see below). If the run rules show out-of-control data,
immediate remedial action must be taken to bring the analyses back in control.
Periodically, the charts should be reviewed to identify the root causes of common
out-of-statistical-control situations so that they can be remedied.

STATISTICAL RUN RULES

It is pointless to analyze the QC samples and plot the control charts if no atten-
tion is paid to the messages that the charts are giving. There are about 15 run
rules in the literature used for identifying the OOSC data patterns [2]. Obvi-
ously it is impossible to use all of them on a routine basis. It is also undesirable
because of overlapping rules and increased probability of false positives. The
most commonly used four run rules that should be used for detecting OOSC
behavior are given below. A laboratory may choose to use different run rules if
there is a valid technical or business reason.

1. One data point beyond the action line.

2. Two out of three data points beyond the warning line.
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3. Four out of five data points beyond the bias line.
4. Seven out of eight consecutive points on the same side of the mean.

The corrective actions taken must be recorded whenever an out-of-control
data trend is recognized, and this documentation becomes a permanent record
of the lab’s quality history. When an OOSC situation has been identified:

1. Do not report the sample’s data to the plant or the customer.
2. Take the particular instrument out of use.

3. Notify plant management of the status.

4. Troubleshoot the problem to take corrective action.

When back in control, recheck last several retains to ascertain that all
results are within the test repeatability limits.

Out-of-control situations may be detected by one or more analyses. In such cases
it may be necessary to reanalyze the sample previously analyzed during the period
between the lastin-control QC data point and the QC data point that triggered the
out-of-statistical-control notice using retained samples and equipment known to be
in control. If the new analysis shows a difference that is statistically different from
the original results, and the difference exceeds the established site precision for that
test, the laboratory should decide on what further action may be necessary.

Revision of Control Charts

Control charts should be revised only when the existing limits are no longer

appropriate, but not simply because the existing page has been filled up. Revi-

sion is permitted in the following circumstances:

1. Sometimes, the trial control limits are set up based on fewer than 20 indi-
vidual points or subgroups. Later, when 20 to 30 individual points or sub-
groups become available, the control chart can be reconstructed.

2. When the process has improved and this results in a special cause on the
chart, the control chart can be reconstructed with narrower control limits.

3. When the control chart remains out of control for an extended period (20
or more subgroups), and all attempts to identify and eliminate the special
cause have been exhausted, the control chart can be reconstructed with
wider control limits.

4. When the existing QC material is used up and a new similar material is ini-
tiated, which may have a mean value somewhat different than the previous
QC material, before completely switching to the new material, for some
time period analyze both old and new QC samples to establish the trace-
ability and ensure that the system is under control. The control limits for
the new QC sample may be different from the old sample.

Laboratory Capability Review

Using the control charts or the SQA data, a laboratory should on some fre-
quent basis—monthly or quarterly—calculate what the laboratory’s precision is
for individual tests. These sigmas compared with those given in, e.g., ASTM test
methods, can give a clear picture as to how well a laboratory is performing
against the industry standards. If the laboratory precision is significantly worse
than the values suggested in the standard methods, an investigation should be
launched to find the root cause for poor performance and devise corrective
action to improve it. Such a periodic review should be a key feature of a
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laboratory’s continuous improvement program. For the purpose of this review,
the term TPI is defined as:
ASTM Reproducibility / (Laboratory Standard Deviation X 2.77).

A laboratory precision worse than the published test method reproducibility
may indicate poor performance. An investigation should be launched to deter-
mine the root cause for this performance so that corrective action can be under-
taken if necessary. Such a periodic review should be a key feature of a
laboratory’s continuous quality improvement program. A guideline for relation-
ship between the TPI value and the need to take action is summarized in Table 3.

CORRECTIVE AND PREVENTIVE ACTION
The need for corrective and preventive action may be indicated by one or more
of the following unacceptable situations:
* Equipment out of calibration
*  QC or check sample results out of control
* Test method performance by the laboratory does not meet performance
criteria
*  Product, material, or process out of specification data
e Outlier or unacceptable trend in an interlaboratory cross-check program
*  Nonconformance identified in internal or external audit
*  Nonconformance identified during review of laboratory data or records
e Customer complaint.
When any of these situations occur, the root cause should be investigated
and identified. Several ways of handling such situations are described in
Table 4, excerpted from ASTM Standard Guide D6728.

TABLE 3—Guidelines for Action Based on TPl Values

TPI for Test
Methods with
PR <4

TPI for Test
Methods with
PR >4

Recommended Quality Improvement Action

> 1.2

> 2.4

Indicates that the performance is probably
satisfactory relative to ASTM published
precision.

> 0.8and < 1.2

>1.6and < 2.4

Indicates that the performance may be
marginal relative to ASTM published
precision; however, a method review could
be necessary to improve its performance.

<038

<16

Suggests that the method as practiced at this
site is not consistent with the ASTM pub-
lished precision. Either laboratory method
performance improvement is required, or the
ASTM published precision does not reflect
achievable precision. Existing interlaboratory
proficiency testing performance (if available)
should be reviewed to determine if the latter
is plausible.
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TABLE 4—A Checklist for Investigating the Root Cause of
Unsatisfactory Analytical Performance

To identify why a laboratory’s data may have been considered a statistical outlier
and/or to improve the precision, the following action items are suggested. There may
be additional ways to improve the performance.

1. Check the results for typos, calculation errors, and transcription errors.

2. Reanalyze the sample; check for repeatability.

3. Check the sample for homogeneity or contamination, and that a representative
specimen has been analyzed.

4. Review the test method and ensure that the latest version of the ASTM test
method is being used. Check the procedure step by step with the analyst.

5. Check the instrument calibration.

6. Check the statistical quality control chart to see if the problem has been developing
earlier.

7. Check the quality of the reagents and standards used, and whether they are
expired or contaminated.

8. Check the equipment for proper operation against vendor’s operating manual.

9. Call the vendor for maintenance or repairs.

10. After the problem has been resolved, analyze a certified reference material if one
is available, or the laboratory quality control sample to ascertain that the analytical
operation is under control.

11. Provide training to new analysts and, if necessary, refresher training to the experi-
enced analysts.

12. Document the incident and the lessons learned for use in future similar problems.

Reference Materials

Each laboratory should designate primary reference standards (e.g., CRS, cali-
brants) and secondary QC standards that it uses. In some cases, primary stand-
ards may be used as QC standards. These should be stored in a safe and
environmentally stable atmosphere so that the RMs do not degrade. It is desira-
ble to have such standards traceable to national bodies (such as NIST). Often
when such primary RMs are not available, a laboratory may prepare its own
standards following the certification protocol used by NIST (see below).

The primary calibration SRM values should be based on replicate analyses
carried out on randomly selected aliquots of a stable homogeneous material of
interest. The values should be corroborated by two independently based meth-
ods of known precision and accuracy and free from interference, one method
used independently by two expert analysts, or different methods used in a
round robin by expert analysts.

All of the analyses should be simultaneously accompanied by an analysis
of known standard reference materials, or previously certified standards. In all
the above cases, the resultant data should be statistically examined for outliers
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and calculated for mean and variance values. Standards for routine quality con-

trol in the laboratory do not need such thorough study.

Generally, it is not advisable to use the same material both as a calibrant
and a QC. The latter should be similar in matrix to the type of samples that are
being analyzed, although this is not always feasible. When a commercially avail-
able RM is not available for QC purposes, it may be prepared by:

e Obtaining a large, stable, and homogeneous sample of a plant product,
which is stable for long periods. The sample should be similar to the typi-
cal products tested.

e Analyzing this material for species of interest, while the analytical process is
under statistical control, and ensuring that the instrument used is calibrated
using primary SRM. At least 20 replicates spread over different days and by dif-
ferent analysts shall be obtained on the proposed QC sample. Collecting data
in close proximity to each other and by “the best” analyst should be avoided.

e Based on the above replicate analyses, mean and standard deviation values
should be assigned to this QC sample.

*  The laboratory analysts should use the above secondary QC standard for
the routine SQA program. Anytime the control chart indicates an out-of-
control analysis, all aspects of the analytical process should be checked
and the primary SRM, CRS, or certified standard should be analyzed if
necessary. Remedial action should be taken appropriate to the findings.

*  When the stock of the existing primary or QC standard becomes depleted, ali-
quots of these should be analyzed during certification of the new batch of stand-
ards, to maintain traceability. If an SRM or CRS is observed to be degrading or
changing in physical or chemical characteristics, this should be immediately
investigated and, if necessary, a replacement SRM or CRS should be prepared.
NIST refers to their CRMs as SRMs (standard reference materials). See

NIST Special Publication 260-136 for details of NIST’s certification program
[3]. Also, see Chapter 5 on an update about the NIST SRMs for petroleum prod-
ucts and lubricants. Some of the SRMs in the petroleum products area issued
by NIST that can be used in spectroscopic analysis are listed in Table 5. This
information is extracted from reference [3]. Use of such standards is highly rec-
ommended in laboratories to understand the precision and accuracy that their
laboratory can achieve.

Cross Checks and Proficiency Testing

Interlaboratory cross-checks help identify a particular laboratory’s capability
against those in the same industry. When a laboratory is less precise than
others, cause of this must be searched and eliminated. In cases of quality com-
plaints, cross-checks give better confidence regarding a customer’s or supplier’s
data quality. Participation in a cross-check is not an end in itself. In the spirit
of continuous improvement, it is critical to study the resultant data and act
where necessary to eliminate the deficiencies in a lab’s performance.

The cross-checks should be conducted on homogeneous and stable materials.
Precautions must be taken to ensure that the material does not degrade or
decompose between dispatch and receipt. Sufficient numbers of laboratories and
samples should be included in a crosscheck to be able to obtain statistically
meaningful conclusions. ASTM recommends use of minimum five laboratories
and more than ten different samples. As the number of laboratories/samples goes



CHAPTER3 m  QUALITY ASSURANCE IN SPECTROSCOPIC ANALYSIS 55

TABLE 5—NIST SRMs for Spectroscopic Method of Analysis
of Petroleum Products and Lubricants
Base oil 1819 Sulfur
Crude oil 2721; 2722 Sulfur
8505 Vanadium
Diesel fuel 1623; 1624; 2724; 2770; Sulfur
8771
Di-n-butyl sulfide 2720 Sulfur
Fuel oil distillate 1624 Sulfur
Gas oil 8590 Sulfur
Gasolines - high octane 2298 Sulfur
2286; 2287 Ethanol
Gasolines — RFG 2292; 2293 MTBE
2294 - 2297; 2299 Sulfur
Kerosine 1616; 1617 Sulfur
Lubricating oil 1818 Chlorine
1836 Nitrogen
Lubricating oil additive 1848 Sulfur, metals, etc.
Petroleum coke 2718; 2719 Sulfur
Reference fuel 1636 - 1638; 2712 - 2715 Lead
Residual fuel oil 1619 - 1623 Sulfur
1634 Sulfur + trace elements
1618; 2717 Vanadium + nickel

up, the number of samples/laboratories may be reduced, although this is not
required if enough laboratories/samples are available. Obviously, the more sam-
ples and laboratories available, the stronger the resultant statistical conclusions.
The obtained data should be analyzed for statistical outliers, which are deleted
before calculating the intralaboratory repeatability and interlaboratory reprodu-
cibility. In addition to the data tables, graphical data representation is highly use-
ful for a quick synopsis of a laboratory’s performance in the cross-check.

All laboratories should take part in all cross-checks relevant to their areas
of product manufacture. They should also participate in the ASTM industry-
wide, interlaboratory cross-check program, if available.

Where a laboratory’s performance is below that of the rest of the partici-
pating laboratories, the laboratory should take corrective actions to improve its
precision and accuracy.
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ASTM DO02.CS 92 group has established an extensive proficiency testing pro-
gram for petroleum products and lubricants since 1993. Currently approximately
2500 laboratories worldwide are taking part in 23 product programs. Nadkarni
and Bover have described this program in detail [4]. These programs and the
spectroscopic analysis included in them are listed in Table 6. Regular participa-
tion in interlaboratory proficiency testing programs, where appropriate samples
are tested by multiple test facilities using a specified test protocol, should be

TABLE 6—ASTM D02 Committee’s Proficiency Testing
Programs

Material Spectroscopic Tests Involved
#2 Diesel fuel Sulfur: D2622; D4294; D5453
#6 Fuel oil Wear metals: D5185

Sulfur: D2622, D4294

V, Ni, Fe, Na: D5708; D5863

Automatic transmission fluid Metals: D4628; D4927; D4951; D5185

Automotive lubricant additive Metals: D4628; D4927; D4951; D5185

Aviation turbine fuel Sulfur: D2622; D4294; D5453
Base oil Sulfur: D2611; D4294
Biodiesel Metals: EN14538

Phosphorus: D4951

Sulfur: D5453

Crude oil Ni, V, Fe: D5708; D5863

Wear metals: D5185

Sulfur: D2622; D4294

Fuel ethanol Sulfur: D5453

Gear oil Additive elements: D4951; D5185

Sulfur: D4294

General gas oil Sulfur: D2622; D4294

V, Ni, Fe, Na: D5863; D5708

Hydraulic fluid oils Elements: D4951; D5185

In-service diesel oil Elements: D6481

Wear metals: D5185; D6595

FT-IR

In-service hydraulic fluids Wear metals : D4951; D5185; D6595
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TABLE 6—ASTM D02 Committee’s Proficiency Testing
Programs (Continued)

Material Spectroscopic Tests Involved

Lubricating oil Additive elements: D4628; D4927; D4951; D5185

Sulfur: D5453

Motor gasoline Organics: D3606; D4053; D5580; D5769

Sulfur: D2622; D4294; D5453; D7039

Reformulated gasoline Organics: D3606; D5580; D5769

Olefins: D6550

Sulfur: D2622; D4294; D5453

Ultra low sulfur diesel Sulfur: D2622; D5453; D7039; D7212

integrated into the laboratory’s QC program. Proficiency test programs should be
used as appropriate by the laboratory to demonstrate testing proficiency relative
to other industry laboratories. Participation in such proficiency testing should
not, however, be considered as a substitute for in-house quality control.

A guide for the analyses of data and interpretation of proficiency testing is
available as ASTM Standard Guide D7372. A key learning of such review is cal-
culation of TPIL. Limits and actions needed to be taken based on TPIs are given
in Table 3. If analytical performance is unsatisfactory, the root cause investiga-
tion tool given in Table 4 should be used.

PART 2 - STATISTICAL DATA HANDLING
Table 1 gave the definitions of various statistical and other related terminology
used in this chapter. Table 7 lists the ASTM and other international standards
relevant to the discussion that follows. Much of the discussion that follows in
this section is based on some of these standards.

TABLE 7—Statistical Standards for Use in Data Analysis

Standard Description

D3244 Practice for Utilization of Test Data to Determine Conformance with
Specifications

D3764 Practice for Validation of Process Stream Analyzers

D6122 Practice for Validation of Multivariate Process Infrared
Spectrophotometers

D6259 Practice for Determination of a Pooled Limit of Quantitation

D6299 Practice for Applying Statistical Quality Assurance Techniques to

Evaluate Analytical Measurement System Performance

D6300 Practice for Determination of Precision and Bias Data for Use in Test
Methods for Petroleum Products and Lubricants

(Continued)
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TABLE 7—Statistical Standards for Use in Data Analysis

(Continued)

Standard Description

D6617 Practice for Laboratory Bias Detection Using Single Test Result from
Standard Material

D6708 Practice for Statistical Assessment and Improvement of the Expected
Agreement Between Two Test Methods that Purport to Measure the
Same Property of a Material

D6792 Guide for Quality System in Petroleum Products and Lubricants
Testing Laboratories

D7372 Guide for Analysis and Interpretation of Proficiency Test Program
Results

E29 Practice for Using Significant Digits in Test Data to Determine
Conformance with Specifications

E177 Practice for Use of the Terms Precision and Bias in ASTM Test
Methods

E178 Practice for Dealing with Outlying Observations

E456 Terminology Relating to Quality and Statistics

E548 Guide for General Criteria Used for Evaluating Laboratory
Competence

E691 Practice for Conducting an Interlaboratory Study to Determine the
Precision of a Test Method

E882 Guide for Accountability and Quality Control in the Chemical Analysis
Laboratory

E994 Guide for Calibration and Testing Laboratory Accreditation Systems
General Requirements for Operation and Recognition

E1301 Guide for Proficiency Testing by Interlaboratory Comparisons

E1323 Guide for Evaluating Laboratory Measurement Practices and the
Statistical Analysis of the Resulting Data

E1329 Practice for Verification and Use of Control Charts in Spectrochemical
Analysis

ISO 4259 Petroleum Products — Determination and Application of Precision
Data in Relation to Methods of Test

ISO 9000 - 9004 | Quality Management System Standards

ISO 17025 General Requirements for the Technical Competence of Testing and
Calibration Laboratories

ASTM MNL 7 Manual on Presentation of Data Control Chart Analysis, 6th Ed.

ASTM STP 15D ASTM Manual on Presentation of Data and Control Chart Analysis




CHAPTER3 m  QUALITY ASSURANCE IN SPECTROSCOPIC ANALYSIS 59

Rounding of Test Results
Test data should be rounded off to significant digits per ASTM practices E29
and E380. The laboratory data reporting systems, whether manual or
computer-based, should conform to these practices. Only a meaningful string
of digits should be reported, and not what a calculator or a computer displays
or prints out. The rounding off should not be done in a string of calculations,
until the last step. The converted values should be rounded to the minimum
number of significant digits that will maintain the required accuracy. In certain
cases, the deviation from this practice to make use of convenient or whole
numbers may be feasible, in which case the worst “approximate” must be used
following the conversion. For example, when converting the integral values of
units, consideration must be given to the implied or required precision of the
integral value to be converted. For example, the value 4 mg/kg may be intended
to represent 4, 4.0, 4.00, 4.000 or 4.0000 mg/kg., or even greater accuracy. Obvi-
ously, the converted value must be carried to a sufficient number of digits to
maintain the accuracy implied or required in the original quantity.

Any digit that is necessary to define the specific value or quantity is said to
be significant. When measured to the nearest 1 m, a distance may be recorded
as 157 m; this number has three significant digits. If the measurement has been
made to the nearest 0.1 m, the distance may have been 157.4 m; this number
has four significant digits.

Zeros may be used either to indicate a specific value like any other digit,
or to indicate the order of magnitude of a number.

The rounding-off method applies where it is the intent that a limited number
of digits in an observed value or a calculated value are to be considered signifi-
cant for purposes of determining conformance with specifications. With the
rounding-off method, an observed value or a calculated value should be rounded
off to the nearest unit in the designated place of figures stated in the standard, as,
for example, “to the nearest 100 psi,” “to the nearest 10 ohms,” “to the nearest 0.1
percent.” The rounded-off value should then be compared with the specified
limit, and conformance or nonconformance with the specification based on this
comparison. For example, the specification limits of 2.5 in. max., 2.50 in. max.,
2.500 in. max. are taken to imply that, for purposes of determining conformance
with specifications, an observed value or a calculated value should be rounded off
to the nearest 0.1 in., 0.01 in., 0.001 in., respectively, and then compared with the
specification limit.

The actual rounding-off procedure is as follows:

*  When the digit next beyond the last place to be retained is less than 5,
retain unchanged the digit in the last place retained, e.g., 6.44—6.4.

*  When the digit next beyond the last place to be retained is greater than 5,
increase by 1 the digit in the last place retained, e.g., 6.47—6.5.

*  When the digit next beyond the last place to be retained is 5, and there are
no digits beyond this 5, or only zeros, increase by 1 the digit in the last
place retained if it is odd, leave the digit unchanged if it is even. Increase
by 1 the digit in the last place retained, if there are digits beyond this 5,
e.g., 6.3556.4 or 6.65—6.6 or 6.651—6.7.

e  This rounding-off procedure may be restated simply as follows: When round-
ing off a number to one having a specified number of significant digits,
choose that which is nearest. If two choices are possible, as when the digits

” o«
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dropped are exactly a 5 or a 5 followed only by zeros, choose that ending in

an even digit. Table 8 gives examples of applying this rounding-off procedure.

In deciding whether a product is off-spec, consider the significant digits in
the specification versus the laboratory analyses. For example, a saponification
number of 45.3 is off-spec if the specification is 45.0, but not off-spec if it is 45,
because the laboratory results would be rounded off to 45, assuming the labo-
ratory precision is good only to two significant digits.

Also, see ASTM standard E29 for further details on rounding-off procedures.

Tests for Outliers

Before analyzing the data for any significance, the outliers in the data set need to
be eliminated from the data set. Outliers are the individuals that statistically do
not belong in a data set. They can result from causes such as blunders or malfunc-
tions of the methodology, or from unusual contamination or losses. If outliers
occur too often (> 25 % of the set), there may be deficiencies in the test. Possible
outliers can be identified when data are plotted, or results are ranked, or control
limits are exceeded. Only when a measurement system is well understood, and
the variance is well established, or when a large body of data is available, is it pos-
sible to distinguish between extreme values and true outliers with a high degree
of confidence. Whenever an outlier is suspected, an assignable cause should be
looked for, e.g., miscalculation, use of wrong units, system malfunction, sample
misidentification, contamination, transcription errors. Rules for data rejection

TABLE 8—Examples of Rounding-Off
Correct

Round Off to Rounded-Off

Observed Value Nearest Value

59,940 psi 100 psi 59,900 psi

59,950 100 60,000

59,960 100 60,000

56.4% 1% 56%

56.5 1 56

56.51 1 57

56.6 1 57

55.5 1 56

0.54% 0.1% 0.5%

0.55 0.1 0.6

0.56 0.1 0.6

0.406 ohm 0.01 ohm 0.41 ohm

0.405 0.01 0.40




CHAPTER3 m  QUALITY ASSURANCE IN SPECTROSCOPIC ANALYSIS 61

should be used with caution, because in a well-behaved measurement system, an
outlier should be a rare occurrence. The tests available for testing a suspected
outlier, based on ranking the data and testing the extreme values for creditability,
include Dixon, Grubbs, Cochran, and Youden tests. The Dixon test has the advant-
age that an estimate of the standard deviation is not needed to use it. The Coch-
ran test is used when deciding whether a single estimate of a variance is extreme
(i.e., excessively large) in comparison with a group with which it is expected to be
comparable. Youden describes a test applicable to a group of laboratories to iden-
tify the ones that consistently report high or low results.

Tests for Equivalent Precision

After the outliers are removed, the method data sets can be compared with each
other or against a set from standard test method to check which method has a
better precision. The usual statistical tests used for this task are the Cochran test
and the F-test. The Cochran test is used when deciding whether a single estimate
of a variance is extreme (excessively large) in comparison with a group with
which it is expected to be comparable. The F-test is used to compare the precision
of the two sets of data, e.g., the results of two different analytical methods or the
results from two different laboratories. F is the ratio of two variances, i.e., the
squares of standard deviations. The value calculated for F is compared for its sig-
nificance against the value in the F table, calculated from a Gaussian distribution
corresponding to the number of degrees of freedom for the two sets of data. The
data is expected to be Gaussian, but F itself has its own distribution.

Tests for Equivalent Accuracy
A second criterion applied to the data set is whether it has the same level of accu-
racy or bias as that obtained with the standard method. The statistical tests used for
comparing accuracy of two methods when the reference materials with known val-
ues may or may not be available include Student’s t-test, T-test, and paired t-test.

Student’s t-test is used for small sample sets to compare the mean from a
sample against a standard value and to judge the confidence in the significance
of the comparison. It is also used to test the difference between the means of two
sets of data. In the T-test, data from two different methods for the same analysis
are compared for accuracy. The paired t-test is used when two methods of analy-
sis analyze a set of samples with varying levels of analyte. It compares averages
from two methods using paired observations.

Since these statistical tests are widely used and are fully described in stand-
ard statistical textbooks and in other literature, they will not be described in
detail in this chapter.

Acceptability of Replicate Testing

Sometimes duplicate tests on a sample yield apparently different results, or
tests run by the receiving laboratory may differ, casting doubt on the accept-
ability of the product in relation to its specification. Guidelines on interpreting
such results are given in ASTM D 3244 and ISO 4259 standards.

Acceptability of Duplicate Intralaboratory Test Results
Most laboratories do not carry out more than one test on each product charac-
teristic for routine quality control purposes. However, if the test result is off
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specification, or if there is a dispute, more than one test may be run. In these
abnormal circumstances, when multiple results are obtained in the same labora-
tory on the same sample, the consistency of the results must be checked against
the repeatability of the method.

When only two results are obtained under repeatability conditions, and their
difference is less than or equal to the repeatability, r, the test can be considered in
control. The average of the two results shall be used as the estimated value of the
property being testing. If the two results differ by more than repeatability, both
shall be considered as suspect and at least three more results obtained. The differ-
ence between the most divergent results and the average of the remainder
(including the first two) shall be calculated and compared with the repeatability.
If the difference is less than or equal to r, all the results shall be accepted.

If the difference exceeds the repeatability, the most divergent result is
rejected and the process repeated until an acceptable set of results is obtained.
The average of all acceptable results shall be taken as the estimated value of
the property. If two or more results from a total of not more than 20 have
been rejected, the operating procedure and the apparatus shall be checked and
a new series of tests made, if possible.

Acceptability of Interlaboratory Test Results in Quality Disputes

Many times the two analyses for the same test at the shipping point and the
receiving point differ from each other. The following procedure should be used
in such cases to decide which result truly represents the “true value.”

When single results are obtained by two laboratories and their difference
is less than or equal to the test’s reproducibility, R, the two results shall be con-
sidered as acceptable and their average, rather than either one separately, shall
be considered as the estimated value of the tested property.

If the two results differ by more than R, both are considered suspect. Each
laboratory then obtains at least three other acceptable results by the procedure
described above for repeatability. In this case, the difference between the aver-
age of all acceptable results of each laboratory is judged for conformity using
a new value, R/, instead of R, given by:

R’:\/RZ—(I—ﬁ—Z—}(z)XrZ (1)

where

R is the reproducibility of test method,

r is the repeatability of the test method,

K, is the number of results of the first laboratory,
K, is the number of results of the second laboratory.

If circumstances arise in which more than two laboratories supply single
results, the difference between the most divergent result and the average of the
remainder shall be compared with the reproducibility of the test method. If this dif-
ference is equal to or less than the reproducibility, all the results shall be regarded
as acceptable and their average taken as the estimated value of the property.

If, however, the difference is greater than the reproducibility, the most
divergent result is rejected and the procedure repeated until an acceptable set
of results is obtained. The average of all acceptable results is taken as the esti-
mated value of the property. If two or more results from a total of not more
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than 20 have been rejected, the operating procedure and the apparatus should
be checked and a new series of tests made, if possible.

Acceptability of Test Results Against Product Specifications
Many times a product, although shipped within test specifications, is reported as
outside them by the receiver. If it is not possible for the supplier and the recipi-
ent to reach agreement about the quality of the product on the basis of their
existing test results, then the following procedures should be adopted, based on
ASTM standard D3244 and ISO standard 4259. Each laboratory shall reject its
original results and obtain at least three other acceptable results on a check sam-
ple to ensure that the work has been carried out under repeatability conditions.
The average of the supplier’s results, X, must be equal to or less than the upper
specification limit, USL, or equal to or greater than the lower specification
limit, LSL.

The product is accepted if the average of the receiver’s results,
Xr < USLor > LSL. If the receiver’s results, Xg > USL or < LSL, the product is
accepted if:

|xs — Xr| < 0.84 R (2)

where R’ is given by equation (1).

There is a possible dispute if |[X; — Xg| > 0.84 R/, but it cannot be stated with
confidence that the product does or does not comply with the specification
limit; hence, resolution of the dispute may be by negotiation.

If (X +Xr)/2 > USLor < LSL, there is a dispute regardless of the differ-
ence Xg — XR.

In case of dispute, the two laboratories shall contact each other and
compare their operating procedure and apparatus. Following these investiga-
tions, a correlation test between the two laboratories shall be carried out on
two check samples. The average of at least three acceptable results shall be
computed in each laboratory, and these averages compared as indicated in
Egs (2) and (3).

If the disagreement remains, a third laboratory (neutral, expert, and
accepted by the two parties) shall be invited to carry out the test using a third
sample. This laboratory should obtain three acceptable results under repeatabil-
ity conditions whose average is xg. If the difference between the most divergent
laboratory average and the average of the other two is less than or equal to R,
then the product is accepted if:

(X +Xr +Xg)/3 < USL and/or > LSL (3)

The product is rejected if:
(R +Xr +Xg)/3 < USL or < LSL (4)

If the difference between the most divergent laboratory average and the
average, X, of the other two laboratory averages is greater than R, then:
The product is accepted if X < LSL and/or > USL.
The product is rejected if X > USL or < LSL.
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Reduced Testing Frequency

In cases where production and testing have been in control for a long period, it
may be appropriate to reduce the frequency of sample testing from every batch
to “periodic.” Decisions regarding such reduction should be made on a case-by-
case basis.

A process may be considered in control when it has a Cpk of 1.33 or
greater, or there are no “special events” indicated on the quality control charts
in the previous 36 consecutive entries. If 36 data points are not available in a
reasonable period of time, data from similar manufactured products and test-
ing may be used to decide whether the process/testing is in control.

Additionally, the distribution of data points on the control chart around the
mean value should be normal or nearly normal, and no statistical run-rules vio-
lation should have taken place.

Representative Sampling

When it is required to test the quality of a single batch of product that has been dis-

persed into several containers, it may not be necessary to sample and test the mate-

rial from each container. The number of containers to be sampled is described in

the ASTM D4057 protocol, which incorporates the following principles:

*  Width of the product specification.

* Source and type of the material and whether or not more than one pro-
duction batch may be represented in the lot.

*  Previous experience with similar shipments, particularly with respect to the
uniformity of quality from package to package.

Sample from a sufficient number of the individual packages to prepare a
composite sample that will be representative of the entire lot or shipment. Select
at random the individual packages to be sampled. The number of random pack-
ages will depend on several practical considerations. In most cases, the number
to sample is the cube root of the total number of packages available. See the
example in Table 9.

Other statistical protocols for further data analyses can be found in ASTM
standards:

D6259, Practice for Determination of a Pooled Limit of Quantization, covers
the determination of a lower quantitative limit for a test method for an analyte.
In this practice the standard deviation of a test result, under repeatability condi-
tions, at progressively higher levels of the analyte, is determined until the ratio of
measured level to standard deviation becomes greater than ten and remains so.

D6299, Practice for Applying Statistical Quality Assurance Techniques to Eval-
uate Analytical Measurement System Performance, provides information for the
design and operation of a program to monitor and control ongoing stability and
precision and bias performance of selected analytical measurement systems using
a collection of generally accepted statistical quality control procedures and tools.

D6300, Practice for Determination of Precision and Bias for Use in Test
Methods for Petroleum Products and Lubricants, covers the necessary prepara-
tion and planning for the conduct of interlaboratory programs for the develop-
ment of estimates of precision and bias. A software program, ADJD6300,
performs the necessary computation prescribed by this practice.

D6617, Practice for Laboratory Bias Detection Using Single Test Result from
Standard Material, covers a methodology for establishing an acceptable tolerance
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TABLE 9—Minimum Number of Packages to Be Selected for
Sampling

No. of Packages in No. of Packages to | No. of Packages in No. of Packages to
Lot Be Sampled Lot Be Sampled
1to3 All 1322 to 1728 12

4 to 64 4 1729 to 2197 13

65 to 125 5 2198 to 2744 14

126 to 216 6 2745 to 3375 15

217 to 343 7 3376 to 4096 16

344 to 512 8 4097 to 4913 17

513 to 729 9 4914 to 5832 18

730 to 1000 10 5833 to 6859 19

1001 to 1321 11 6860 or over 20

zone for the difference between the result obtained from a single implementation
of a test method on a check standard and its accepted reference value, based on
user-specified Type I error, the user-established test method precision, the stand-
ard error of the accepted reference value, and a presumed hypothesis that the
laboratory is performing the test method without bias.

D6708, Practice for Statistical Assessment and Improvement of the Expected
Agreement Between Two Test Methods that Purport to Measure the Same Prop-
erty of a Material, and deciding if a simple linear bias correction can further
improve the expected agreement. It is intended for use with results collected
from an interlaboratory study meeting the requirements of Practice D6300 or
equivalent (e.g., ISO 4259). The interlaboratory study must be conducted on at
least ten materials that span the intersecting scopes of the test methods, and
results must be obtained from at least six laboratories using each method.

Detailed discussion of these statistical standards will not be included here,
since they are documented in various statistical textbooks, and are familiar to
the practitioners of this science.

PART 3 - QUALITY PROTOCOLS FOR TEST METHODS

Quality Components in Spectroscopic Methods

In almost all spectroscopic (and chromatographic) methods, quality parameters
are built in either in the instrumentation and software or through mandatory
steps in the analytical procedures. Most of the elemental analysis—atomic spectro-
scopic or XRF-have mandatory calibrations as a first step and quality control as
an intermediate or as a last step in the analytical sequence of analysis. Generally,
interferences, whether spectral or matrix related, are well known, and measures
to overcome them have been documented, often as a mandatory step in the analy-
sis. Three spectroscopic techniques are discussed here from this perspective: ICP-
AES, XRF, and FT-IR. Further discussion of these aspects is given in the individual
chapters on these specific techniques in this monograph.
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Inductively Coupled Plasma — Atomic Emission Spectrometry

This is a widely used technique in the oil industry for the elemental analysis of
a wide variety of products. From its start in an oil company laboratory in 1975,
today virtually all oil analysis laboratories use this instrument. Its main
strengths are high sensitivity for many elements of interest in the oil industry,
relative freedom from interferences, linear calibration over a wide dynamic
range, single- or multielement capability, and ability to calibrate the instrument
based on elemental standards irrespective of their elemental chemical forms.
Thus, the technique has become a method of choice in most of the oil industry
laboratories for metal analysis of petroleum products and lubricants.

Much of the instrumentation is automatically controlled to use proper wave-
lengths. Peristaltic pumps are used to control the sample flow compensating for the
viscosity differences between a sample and a calibration standard. Interelement
spectral interferences are compensated for by computer correction of the raw data,
which requires measurement of the interfering element at the wavelength of inter-
est. Potential spectral overlap from concomitant elements may be estimated by
measuring the signal arising from a high-purity single-element reference solution of
the concomitant element. Potential interferences should be considered in the line
selection process for polychromators. Other spectral interferences such as molecu-
lar band interferences and high background interferences also are compensated.

Physical interferences are the effects associated with the sample nebuliza-
tion and transport processes. Such properties as change in viscosity and sur-
face tension can cause significant inaccuracies, especially with samples that
may contain high amounts of dissolved solids or acid concentrations, or both.
Other physical effects include nebulizer transportation, suspended solids in the
test specimen, and viscosity improver effects.

Chemical interferences include those due to molecular compound formation,
selective volatilization, salt buildup in the nebulizer, and carbon buildup in the torch.

All effects mentioned here are well known and are taken care of during the
ICP-AES analysis. A detailed discussion of such problems is given in the ASTM
Standard Practice for Optimization, Calibration, and Validation of ICP-AES for
Elemental Analysis of Petroleum Products and Lubricants (D7260), written by
this author.

A number of ICP-AES methods have been issued by ASTM Committee D02
on Petroleum Products and Lubricants.

ASTM Test Method

Designation Analysis

D4951 Additive Elements in Lubricating Oils by ICP-AES

D5184 Al and Si in Fuel Oils by Ashing, Fusion, ICP-AES and AAS
D5185 Additive Elements, Wear Metals, and Contaminants in Used

Lubricating Oils and Selected Elements in Base Oils by ICP-AES

D5600 Trace Elements in Petroleum Coke by ICP-AES

D5708 Ni, V, and Fe in Crude Oils and Residual Fuels by ICP-AES
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ASTM Test Method

Designation Analysis

D6595 Wear Metals and Contaminants in Used Lubricating Oils or Used
Hydraulic Fluids by Rotating Disc Electrode AES

D6728 Contaminants in Gas Turbine and Diesel Engine Fuel by Rotating
Disk Electrode AES

D7040 Low Levels of Phosphorus in ILSAC GF 4 and Similar Grade Engine
Oils by ICP-AES

D711 Trace Elements in Middle Distillate Fuels by ICP-AES

D7260 Optimization, Calibration, and Validation of ICP-AES for Elemental
Analysis of Petroleum Products and Lubricants

D7303 Metals in Lubricating Greases by ICP-AES

D7618 Metals in Crude Oils Using ICP-AES

Some of the common quality features of most of these ICP-AES methods
include:

e Use of an internal standard to correct for the presence of viscosity index
improvers in the samples.

e Use of a peristaltic pump to provide a constant flow of the solutions when
there are differences in the viscosities of test specimen solutions and stand-
ard solutions, which can adversely affect the accuracy of the analysis.
When severe viscosity effects are encountered, the test specimen and stand-
ard should be diluted 20-fold, while maintaining the same concentration of
the internal standard.

e Judicious choice of analytical wavelength when spectral interferences can-
not be avoided: the necessary corrections should be made using the com-
puter software supplied by the instrument manufacturer.

e Use of a blank solution to correct for any contamination to the element of
interest. When blank values are significant, correct for the blank or select
alternative reagents that give insignificant blank values.

e Sufficient time should be allowed for solvent rinse between consecutive
determinations to minimize the memory effects.

e Daily wavelength profiling.

e Daily 2 to 5 point calibration, followed by use of check standards to deter-
mine if each element is in calibration. If the results are not within 5 % relative,
adjustments need to be made to the instrument and recalibration carried out.

e If a concentration of any analyte exceeds the linear calibration range, a
diluted specimen should be reanalyzed.

* Analysis of the check standard every fifth test specimen analyzed. If any
result is not within 5 % of the expected concentration, the instrument
should be recalibrated and the test specimen should be reanalyzed back to
the previous acceptable check standard analysis.

e Mandatory analysis of QA/QC samples with a set of analysis.
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X-ray Fluorescence Analysis

Perhaps next to atomic absorption or emission spectroscopy, the most widely
used technique for elemental analysis in oil industry is XRF, both wavelength-
and energy-dispersive. See separate chapters on XRF in this monograph for a
detailed discussion and applications of these techniques. The technique has the
capability of simultaneous multielement nondestructive determination, parts-per-
million level sensitivity for certain elements, and excellent precision and accuracy
of ~1 %. There are, however, various interferences and the necessity of matching
of samples and standards in this technique.

Because of numerous interelement matrix effects, standards identical in
composition to the samples need to be used. Particle shape and size are also
important, and determine the degree to which the incident X-ray beam is
absorbed or scattered. Many of these interferences and matrix effects can be
compensated by corrective techniques such as standard addition, internal
standards, matrix dilution, thin film method, and mathematical corrections.

Several methods, particularly for sulfur determination, based on the XRF
technique have been issued by ASTM Committee D02.

ASTM Test

Method Technique

Designation Used Analysis

D2622 WD-XRF Sulfur in Petroleum Products by WD-XRF Spectrometry

D4294 ED-XRF Sulfur in Petroleum and Petroleum Products by ED-XRF
Spectrometry

D4927 WD-XRF Elemental Analysis of Lubricants and Additive Components —
Ba, Ca, P, S, and Zn by WD-XRF Spectroscopy

D6334 WD-XRF Sulfur in Gasoline by WD-XRF

D6376 WD-XRF Trace Metals in Petroleum Coke by WD-XRF Spectroscopy

D6443 WD-XRF Ca, Cl, Cu, Mg, P, S, and Zn in Unused Lubricating Oils
and Additives by WD-XRF Spectrometry (Mathematical
Correction Procedure)

D6445 ED-XRF Sulfur in Gasoline by ED-XRF Spectrometry

D6481 ED-XRF P, S, Ca, and Zn in Lubricating Oils by ED-XRF
Spectroscopy

D7039 M-WD- Sulfur in Gasoline and Diesel Fuel by Monochromatic

XRF WD-XRF Spectrometry

D7212 ED-XRF Low Sulfur in Automotive Fuels by ED-XRF Spectrometry
using a Low-Background Proportional Counter

D7220 ED-XRF Sulfur in Automotive Fuels by Polarization XRF
Spectrometry

D7343 XRF Practice for Optimization, Sample Handling, Calibration,
and Validation of XRF Spectrometry Methods for
Elemental Analysis of Petroleum Products and Lubricants
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Some of the principal measures taken to ensure the data quality in all of

these XRF methods include:

Standard and sample matrices must be well-matched or the matrix differ-
ence be accounted for. Matrix mismatch caused by carbon/hydrogen ratio
difference between the samples and standards, or by the presence of other
interfering heteroatoms or species can bias the results.

Fuels containing large concentrations of ethanol or methanol having a
high oxygen content can result in low sulfur results. This effect needs to
be corrected.

A drift correction monitor is used automatically by the software to imple-
ment the instrument stability.

Verification of system control through the use of quality control samples
and control charting is mandatory.

Calibration is done with multiple standards to establish linearity.

The check standards are used after calibration to check that the difference
between two measured values is within the repeatability of the test
method.

Sufficient number of counts are taken to satisfy a percent relative standard
deviation of at least 1 % or less.

Blank measurements are carried out to take care of contamination from
reagents if necessary.

Background correction is carried out on all measurements to compensate
for background Compton effects.

Further discussion of these essentials of quality management in XRF spec-

troscopy can be found in the ASTM Standard Practice D7343.

IR, NIR, and FT-IR

A technique widely used in the industry for the analysis of organics in the sam-
ples is infrared spectroscopy. It is more often used for qualitative identification
of compounds; however, in recent years it is also being used for quantitation of
these compounds. See the chapter on FT-IR in this monograph for a detailed
discussion of this technique. Some of the standards issued by ASTM Committee
D02 include the following IR, mainly FT-IR, methods:

ASTM Test

Method

Designation Analysis

D4053 Benzene in Motor and Aviation Gasoline by IR

D5845 MTBE, ETBE, TAME, DIPE, Methanol, Ethanol, and ter-Butanol in
Gasoline by IR

D5986

D6122 Practice for the Validation of the Performance of Multivariate Process IR
Spectrophotometers

D6277 Benzene in Spark Ignition Engine Fuels Using Mid-IR Spectroscopy

D7214 Oxidation of Used Lubricants by FT-IR Using Peak Area Increase
Calculation
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ASTM Test

Method

Designation | Analysis

D7371 Biodiesel FAME Content in Diesel Fuel Oil Using Mid-IR (FT-IR — ATR -
PLS) Method

D7418 Set-up and Operation of FT-IR Spectrometers for In-Service Oil Condition
Monitoring

Many of the standard operating procedures used in infrared spectroscopy
have been defined in other ASTM standards:

E168 General Techniques of Infrared Quantitative Analysis

E932 Describing and Measuring Performance of Dispersive Infrared
Spectrometers

E1252 General Techniques for Qualitative Infrared Analysis

E1421 Describing and Measuring Performance of FT-IR Spectrometers: Level

Zero and Level One Tests

E2412 Condition Monitoring of Used Lubricants by Trend Analysis Using FT-IR
Spectrometry.

Some of the quality parameters incorporated in these standards to ensure
instrument performance and uniformity include level zero tests (energy spec-
trum test, 100 % line test, polystyrene test, interferogram test) and level one
tests (energy spectrum test, 100 % line test, stability test, signal averaging test,
polystyrene test, photometric jitter test, and nonphysical energy test).

Proof of the Pudding
Nadkarni has discussed the ways of achieving a “perfect” analysis, which
involves excellence in every link of the analytical chain of operations: sampling,
calibration, contamination control, use of valid test method, participation in
professional testing, benchmarking, and statistical quality control operations
[5]. The laboratories managed in this way demonstrate superiority in precision
and accuracy of the results produced over the laboratories that do not practice
such thorough quality management. An example of such analysis of NIST lubri-
cating additive package SRM 1848 is demonstrated next. This was a material
that has been analyzed under multiple circumstances. This case history is
known because this author supplied this material to NIST to prepare the SRM
1848.

Originally, this material was analyzed in this author’s group of laboratories.

At a later date, the same material was supplied to ASTM for use in their
Interlaboratory Crosscheck Program. Along with other industry laboratories,
the author’s group of laboratories also analyzed this sample. However, in this
instance, the laboratories did not know that it was the same sample they had
analyzed six months earlier.
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TABLE 10—Spectroscopic Analysis of Lube Additive SRM
Company Group of

Company Group of

Parameter Laboratories ASTM Laboratories
Time frame of April 1996 October 1996 October 1996
analysis

No. of labs 24 59 14

Replicate analysis 4 1 1

Outliers in data set 140 8

The same material was donated to NIST, and eventually they designated it
SRM 1848, and certified it for a number of parameters in it. NIST used some
of the same methods employed by other laboratories in addition to certain
other spectroscopic methods. These were:

e Boron — PGAA and ICP-AES

*  Magnesium - XRF and ICP-AES
*  Phosphorus - XRF and ICP-AES
e Sulfur - ID-TIMS

*  Chlorine - XRF and PGAA

e Calcium - XRF and ICP-AES

e Zinc — PGAA and ICP-AES

* Hydrogen - PGAA, and

TABLE 11—Analysis of a Lube Additive in Multiple Cross Checks
ASTM Cross Check
Case 1
Product Cross NIST

Analysis Specifications® Check Case 2 Case 3 Certification

Boron, m% 0.12-0.13-0.14 | 0.137 = 0.133 0.133 0.136
0.003 0.0067 0.003 0.013

Calcium, m% 0.335-0.36-0.385 | 0.355 + 0.357 + 0.356 + 0.345 +
0.009 0.013 0.009 0.011

Magnesium, m% | 0.76 - 0.82 -0.88 | 0.818 0.828 + 0.826 + 0.821 +
0.013 0.024 0.011 0.058

Phosphorus, m% | 0.72-0.78 - 0.84 | 0.794 + 0.783 = 0.776 = 0.779 =
0.015 0.025 0.011 0.036

Silicon, mg/kg 58 — 120 52 +12 47 £ 9 48 £ 6 50 =2

Sulfur, m% 2.2(T) 2.28 235 =% 2.34 2.3270 =
0.07 0.08 0.08 0.0043

Zinc, m% 0.81-0.86 - 0.91 0.859 + 0.845 + 0.842 + 0.866 +
0.012 0.028 0.021 0.034

®The values are given as minimum - target — maximum specifications.

(T) A typical value, not in the specifications.




SPECTROSCOPIC ANALYSIS OF PETROLEUM PRODUCTS AND LUBRICANTS

72

#€0°0 ¥ 998°0 | (0L = U QSY % T'2) SS80 | (L =u'ASY % T'L) LS80 | (S =Uu'ASY % L'7) 0/8°0 | (8L = U 'ASY % ¥'L) 6580 | %W ‘Uz
€V00°0 F £2€T | (0L =u!QSY % L'€) 88T | (Z=U'ASY % 91°0) 0€'C (LL=u'asy % L'€) 8T¢ %W 'S
TF 0§ (6 =u:asy $6°L2) S (P =u'aSd % 6'8L) Ly | (L1 =Uu'asy % €T2) s | By/bBw IS

9€0'0 F 6£L°0 | (0L = U 'ASY % ST) 68L°0 | (L =U:ASY % 9°€) L8LO (91 =u:asy % 6°L) ¥6L°0 %W ‘d
850°0 * 1280 (6=U"'aSY % 9'L) L18'0 | (8=U'ASY % 9'%) 9280 | (5L = U 'ASY % 9'L) 8180 | %W ‘BN
LLOOFSPEOQ | (6=U'ASY % LT)9SE0 | (L=Uu'QSY % €'1)LSE0 | (L =U!ASY % O'¥) LSE0 | (6L = U ASY % ¥'7) SSE0 | %W ‘€D
€L0°0 F9€1°0 (L=u'asyd % S'€)6EL'0 | (9 =Uu:ASHY % O't) 6EL'0 | (OL = U :ASY % 0'7) LEL'O %W ‘g
uonedyd) ISIN JUX-am S3v-ddI SYv SPoYIa IV | sisAjeuy

8181 INYS LSIN ul sje1s|Al Jo sishjeuy didodsondads sreuwssyy—eglL 319VL




CHAPTER3 m  QUALITY ASSURANCE IN SPECTROSCOPIC ANALYSIS 73

e Silicon - XRF

* (PGAA: Prompt gamma ray activation analysis; ID-TIMS: Isotope dilution
thermal ionization mass spectrometry).

Table 10 gives the details of these three cross checks for spectroscopic
parameters determined.

Table 11 shows the comparison of the company internal analysis (case 1)
and ASTM cross-check results (case 2 and 3) versus the product specifications,
and eventual NIST-certified values for spectroscopic analyses.

In this exercise, alternative spectroscopic methods were used by differ-
ent laboratories. The results shown in Table 12 indicate, however, that all val-
ues by alternative methods are well within the reproducibility of each of the
methods used.

Several conclusions drawn from these data sets include the following:

*  The results from company laboratories in case 1 and case 2 are very close
to each other, although the analyses were done six months apart, and the
second time it was an unknown sample.

* All results from the company laboratories are well within the product
specifications.

e Although there were only 8 statistical outliers in the data set from 14 company
laboratories, ASTM identified 140 of them in the 59 industry laboratories.

*  Most important, the repeatability and reproducibility values of the com-
pany laboratories both times were superior to those shown in the ASTM
cross check.

e In all cases, the mean values calculated from each spectroscopic method
were well within the overall percent relative standard deviations range for
the seven elements analyzed. This shows that the elements analyzed by alter-
native methods AAS, WD-XRF, or ICP-AES give equivalent results based on
the interlaboratory average value for each analysis technique.

These data show that consistent comprehensive technical quality manage-
ment does pay dividends in maintaining superior quality in the long range.
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Analyzing and Interpreting Proficiency
Test Program Data for Spectroscopic
Analysis of Petroleum Products and
Lubricants

W. James Bover!

INTRODUCTION

Background

Quality system standards for testing laboratories (ASTM D6792 and ISO 17025)
require the use of processes to manage precision and bias. Several ASTM Interna-
tional standards guide users in the quality assurance and quality control (QA/QC)
practices for managing precision and bias within a testing laboratory (e.g., D6299,
D6617, E882 and E1323). Some deal specifically with laboratories servicing the
petroleum products and lubricants industry. Many of these practices focus on within-
laboratory precision (repeatability). Using certified reference standards and statistical
quality control (SQC) techniques like control charts are two widely used tools
employed to satisfy requirements to manage precision and bias within a laboratory.

Another important aspect of overall laboratory performance concerns the pre-
cision and bias of one laboratory relative to others or, said another way, concerns
the between-laboratory precision. A related but different set of practices deals with
monitoring laboratory performance relative to the published between-laboratory
precision (reproducibility). A proficiency test program (PTP) is one of the primary
tools for assessing laboratory performance relating to between-laboratory
precision on a regular basis and with “real world” laboratories [1-5].

Although PTPs have been in use for a long time and supply participating
laboratories with much useful information, participants often feel that they are
on their own to analyze and interpret PTP reports beyond the simplest of
reviews. Both E1301, Standard Guide for Proficiency Testing by Interlaboratory
Comparisons (originally published in 1989), and D7372, Standard Guide for
Analysis and Interpretation of Proficiency Test Program Results (initial version
in 2007), provide guidance in these matters. The latter standard focuses specifi-
cally on the petroleum and lubricants industry and recognizes the role of that
industry’s proficiency test program.

This chapter deals with and expands on the concepts identified in D7372 and
E1301. This chapter gives numerous examples extracted from ASTM Inter-
national Committee D02’s PTP. This chapter gives a description and rationale for
PTPs in Section I, and addresses two important continuous improvement activ-
ities, one by the individual PTP participant in Section II and the other by the
responsible ASTM subcommittees and other work groups in Section III. Although
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the techniques for investigating PTP results are discussed with respect to
whether the participating laboratory or a responsible work group initiates an inves-
tigation, these techniques are available to all. The reason for the split is that more
often a laboratory is interested only in how they are doing (as in Section II) versus
how the test method is performing or how the entire PTP group is performing (as
in Section III). For purposes of this chapter, when referring to industry laborato-
ries, we mean the laboratories that analyze petroleum products and lubricants
supporting facilities like refineries, lube oil blending plants, and terminals and
activities like research and compliance with (government) regulations.

TERMINOLOGY

Definitions and terminology unique to this chapter or simply worth repeating

are described here. Many of the terms and definitions from Chapter 3 are rele-

vant here as well.

Bias — A systematic error that contributes to the difference between a popula-
tion mean? of the measurements or test results and the accepted reference
or true value (D6299, E456).

Bias, relative — The difference between the population mean of the test results
and an accepted reference value, which is the agreed-upon value obtained
using an accepted reference method for measuring the same property
(D6300). In addition, relative bias is the systematic error that contributes to
the difference between population means from measurements or test
results using two test methods that purport to measure the same property.

Interlaboratory Crosscheck Program (ILCP) — ASTM International Proficiency
Test Program sponsored by Committee D02 on Petroleum Products and
Lubricants; see http://www.astm.org/STAQA/petroproducts.html (accessed
April 6, 2011)

Petroleum Products — Designations for ILCP products used in this chapter:

ALA — automotive lubricant additives
GGO - general gas oil

ISDO - in-service diesel oil

Jet Fuel — aviation turbine fuel

Lube Oil - engine lubricating oil
Mogas — motor gasoline

RFG - reformulated gasoline

ULSD - ultra low sulfur diesel

Proficiency Testing — Determination of laboratory testing performance or capability
by means of interlaboratory comparisons (D6299, E1301, ISO/IEC Guide 2).

uncertainty — An indication of the magnitude of error associated with a value
that takes into account both systematic errors and random errors associ-
ated with the measurement or test process (E2655).

Z-Score — A standardized and dimensionless measure of the difference between
an individual result in a dataset and the arithmetic mean of the dataset, re-
expressed in units of standard deviation of the dataset. Z-score is the differ-
ence of an individual result minus the mean divided by the standard devia-
tion for the dataset (D7372).

2 Population mean is the value toward which the mean of results would converge, were an
ever-larger number of results to be obtained under the same sampling conditions.
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SECTION | — PROFICIENCY TEST PROGRAMS

A PTP is one in which identical samples are distributed to participating industry

laboratories, where the samples are analyzed using standard test methods, and

the results reported for statistical analysis. Other names for PTPs, such as cross-

check, check-scheme, exchange group, and round robin programs, are used in

some industries and regions. Participating in PTPs offers opportunities for engag-

ing in continuous improvement activities. Many quality practitioners consider

participation as essential for the right to participate in the marketplace.
Here are several key criteria associated with a successful PTP:

*  Samples distributed in each PTP are representative of the products in com-
mercial production.

e Samples are packaged and distributed in a manner to maintain homogeneity and
stability with respect to the parameters measured by the participating laboratories.

* The PTP administrator or the standard test method procedures provide
instructions on the proper handling and mixing of the test sample in order
to achieve a representative sub-sample for analysis.

* The PTP provides adequate descriptions of the statistical treatments
applied to laboratory results.

* The tests are blind in that there are no comparisons of results between lab-
oratories before submission of results.

* There is a mechanism to provide feedback from the participants to the
program sponsors and vice versa.

PTP Benefits

Several benefits derive from participating in PTPs, especially within the petro-

leum and lubricants industry [6]:

*  Helps satisfy laboratory accreditation requirements

e Provides an SQC tool to compare individual performance versus other lab-
oratories worldwide or region-wide

*  Provides data for monitoring laboratory strengths and weaknesses across
numerous test methods and products

* Provides means to determine measurement uncertainty when PTP data
combine with internal site precision data from control charts

* Offers ability to compare results among several test methods measuring
the same parameter or property of a material that is being tested

* Demonstrates testing capability to customers

* Helps ASTM work groups validate test method performance under real-
world conditions

* Provides residual PTP materials that, along with the published statistical
data, can serve as quasi-standards and are useful internal quality control
samples (in combustion testing, these are known as “golden fuels”)

*  Provides opportunity to establish analyst proficiency (i.e., consistency and
comparability of data) when coupled with other tools or mechanisms.

ASTM D02 Interlaboratory Crosscheck Program

ASTM Committee D02 on Petroleum Products and Lubricants and Coordinat-
ing Subcommittee 92 on Interlaboratory Crosscheck Programs [7] sponsor a
proficiency test program called the ILCP. The concept for this program dates
back to 1989, and the first four product programs began in 1993. Table 1 shows
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the 2009 status of the ILCP, which now includes 22 products ranging from crude
oil to diesel fuel to gasoline to biodiesel and fuel ethanol. The distribution of a
sample represents a cycle, and each product program has 2, 3, or 12 cycles per
year, as demonstrated in Table 1. More than 2,700 laboratory units were partici-
pating (some laboratories participate in more than one product program) at the
end of 2010. This is a truly global program, with participants from more than 70
countries in North and South America, Europe, Asia, Australia, and Africa. The
ILCP satisfies the success criteria outlined in the previous section.

Eighteen of the ILCP product programs call out a number of spectroscopic-
based standard test methods. These include those based on wavelength or energy dis-
persive Xray fluorescence (WD-XRF, ED-XRF), inductively coupled plasma atomic
emission spectroscopy (ICP-AES), atomic absorption spectroscopy (AAS), infrared
spectroscopy, and gas chromatograph-mass spectrometry (GC-MS). Table 2 shows
the distribution of these spectroscopic methods across the ILCP product programs.

Opportunities for Continuous Improvement
As mentioned earlier, a PTP offers a number of opportunities for process improve-
ment [1,4]. Fig. 1 best illustrates this by highlighting the overall proficiency testing
process as practiced by ASTM D02 for the ILCP. In the ILCP process, a supplier (i.e.,
refinery, plant, or other interested party with access to material) gives a representative
sample to the contract distributor, who is responsible for homogenizing the bulk mate-
rial and preparing the individual samples for distribution. The contactor distributes
the samples by commercial carriers to the participating laboratories, which number
from 20 to more than 400, depending on the specific product program, as noted in
Table 1. The ILCP office at ASTM notifies the laboratories of the sample shipment and
their corresponding lab identification code for that cycle and opens a website for the
laboratories to report results. After the reporting period is closed, the ILCP office con-
solidates and analyzes results following agreed-upon statistical protocols, and prepares
reports using standard formats. ASTM issues the final reports to the participating
laboratories electronically as a downloadable Adobe PDF file via a link to the website.
All this activity is designed to provide both the participating laboratories and
the responsible ASTM D02 subcommittees and workgroups with opportunities;
Fig. 1 highlights these opportunities by the steps enclosed in the oval. True success
happens only when the laboratory first analyzes and interprets the data by consid-
ering outliers, biases, and other performance indicators, and then taking appropri-
ate actions to implement improvements. To do nothing is a waste of effort and a
lost opportunity. The same goes for the responsible subcommittees and work-
groups, who should consider between-laboratory statistical analyses for the current
cycle as well as for previous cycles. After careful consideration of ILCP results and
perhaps other independent data, the subcommittees should consider actions
aimed at improving overall performance. Some of these actions could lead to revi-
sions of the standard test methods.

The Toolkit

Before initiating any data analysis, one should first inventory their process toolkit to
verify that they have the appropriate tools available to assist in their analysis and
interpretation of proficiency testing results. Table 3 lists key components of such a
toolkit along with references to more detailed discussions. This chapter discusses
each of these tools.
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Statistical Tools and Evaluations
The following are some of the statistical tools available for analyzing PTP

results [12,13].
ANDERSON-DARLING STATISTIC

Calculate the Anderson-Darling (AD) statistic in accordance with D6299 to
determine if the data are normally distributed. If the data are distributed nor-
mally (i.e., AD < 1.0), then the equations that follow are applicable. When the

AD > 1.0, suggesting that the data are not normally distributed, then the tools

described next should be used with caution.

STANDARD ERROR OF THE MEAN
The standard error of the mean (SE) is used to assess the confidence interval
for the sample means obtained from multiple cycles of a proficiency testing for

(1)

N

2= ()

where:
s = standard deviation for the PTP results (per cycle), and

n = number of valid results reported.

a given test parameter.
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Fig. 1—Paradigm for continuous improvement in a proficiency test program [8,9].

Estimate the upper and lower 95 % confidence intervals for the mean using Eq 2.
The “1.96 - SE” expression is also known as expanded uncertainty (see discussions
in E2655).

95 % confidence limits = X 4 (1.96 - SE) (2)

Examples of the use of Eq 2 include the error bars shown in Fig. 13b and
others.

POOLED STANDARD DEVIATION

Estimate the pooled standard deviation (spo0led) for multiple proficiency test
cycles for a given test method using Eq 3. This assumes a normal or near-nor-
mal distribution of data and that the precision is about the same for each
cycle® in the pooled set.

Spooled = % (3 )

where:
n; = number of labs providing data in single cycle (no outliers), s; = standard
deviation for single cycle, and N = number of proficiency testing cycles in
dataset.

F-TEST — COMPARISON OF STANDARD DEVIATIONS FROM TWO TEST
METHODS

Use the F-test in Eq 4 for comparing two standard deviations from any sources
provided they be independently obtained. For purposes of this discussion,

3 Either precision does not depend on level (concentration) or the concentration varies from
cycle to cycle but in a narrow range.
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TABLE 3—Toolkit for Analysis and Interpretation of PTP Results

Item

Reference/Comment

Anderson-Darling
Statistic

AD is a test for normally distributed data as described in D6299.

Box and Whisker
Graphs

These graphs provide a cross reference of test data generated by
different test methods for the same parameter (e.g., sulfur by five
different test methods).

Graphs The ILCP reports contain scatter graphs of the results obtained for
each test method, plotted in increasing order versus the correspond-
ing laboratory identification code. Other graphs such as those plot-
ting means, relative standard deviation, test performance index (TPlI),
and similar parameters are employed and discussed in this chapter.

Histograms The ILCP reports contain histograms for datasets exceeding a
minimum number of valid results. See discussion later in this
chapter. Individuals using Excel or other graphics software tools
can generate histograms, as well.

Laboratory Supporting data, calculations, corresponding control charts, etc.

Records

PTP Report ILCP reports [10] are in Adobe PDF format® and are available to

users via a web link.

Quality Control
Charts

Control charting techniques as discussed in D6299 are available for
use in analyzing proficiency test results.

Result Tables and
Statistical
Summary

Reports should list the results for each test method and should sum-
marize the mean, standard deviation, AD statistic, and TPlinqustry-
Outliers should be identified (i.e., flagged).

Robust Statistics
(Mean, Standard
Deviation)

Each ILCP report has a brief discussion of robust statistics® in the
Introduction Section. A reference source is included [11].

Root Cause Investi-
gation Guide

Refer to the checklist found in the Section Il paragraph on Flagged
Data and Investigations. Similar checklist presented in all ILCP
reports and in D7372, Appendix X1.

Statistics

Tools such as the standard error of the mean, F-test, t-test, and
pooled standard deviation are discussed in Section .

TPIindustry

The ILCP report provides a TPI (industry) capability index in the sta-
tistical summary for each set of test method results for which the
robust reproducibility (Ripese gata) and the corresponding ASTM
reproducibility (Rasra) are calculated.

Z-Score

Z-score is a dimensionless measure of the difference between an
individual result and the arithmetic mean of the dataset, divided
by its standard deviation.

®Because it is difficult or impossible to extract useable digital data from the ILCP reports in PDF
format, the user may request data files in Excel format from the program administrators.

bUse of robust mean and robust standard deviation as data treatments is specific to the ASTM ILCP and
is not necessarily the only way to minimize the effect of outliers on mean and standard deviation.
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we use the F-test to determine if the precisions (standard deviations) for two
datasets, from two test methods (X and Y) measuring the same parameter, are
statistically indistinguishable (or conversely, that the differences are not statisti-

cally significant):
Sy 2
F=(¥ 4
() )

The degrees of freedom are ny — 1 and ny — 1 for the numerator and denomi-
nator, respectively. When using Excel for these calculations, the probability or
p-value (two-tailed) for this test is determined by

p = 2XMIN [FDIST(F,ny — 1,nx — 1),1 — FDIST (F,ny — l,ux —1)]  (5)

If p < 0.05, then one concludes that the precision from test method X is differ-
ent from (not equal to) that of test method Y with 95 % confidence. If p < 0.10
or p < 0.01, then sy is different from sy with 90 % or 99 % confidence,
respectively.

T-TEST — COMPARING MEANS FROM TWO TEST METHODS, STANDARD
DEVIATIONS NOT EQUAL

Use the t-test in Eq 6 to determine if the means obtained from two test meth-
ods, X and Y, are distinguishable statistically. Statistically significant differences
imply a bias of one method relative to the other, hence a relative bias.

X -7
= (6)
nx Fay

It is necessary to use absolute value here for the difference in means when using
Excel’s TDIST function. The approximate degrees of freedom for this statistic is

) (7)

ni(nx—1) = ny(ny—1)

df =

When using Excel for these calculations, the probability or p-value (two-
tailed) for this test is determined by p = TDIST(t,df,2).

Therefore, if p < 0.05, we conclude with 95 % confidence that the means
are significantly distinguishable and there is a high probability of a bias.

T-TEST — COMPARING MEANS FROM TWO TEST METHODS, STANDARD
DEVIATIONS EQUAL

If the standard deviations for the two test methods are equal, then use the ¢-test
in Eq 8 to test for bias:

X Y|
(nx—1)s + (ny—1)s3 (| 1
ny +ny — 2 nx + ny
where:

df = nx +ny — 2 and p = TDIST (1,df2).

t =

(8)
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Therefore, if p < 0.05, we conclude with 95 % confidence that the means
are statistically distinguishable and there is a high probability of a bias.

SECTION Il - ANALYSIS AND INTERPRETATION BY LABORATORY
STAFF

Objectives

Key objectives for laboratories participating in PTPs, once they receive the
reports, include analyzing results, correcting errors, and, as appropriate, identi-
fying opportunities for performance improvement. The following procedures
and tools are readily available to participating laboratories.

*  Administrative reviews

* Flagged data and investigations

e Data normality checks

* Histograms

e Bias (deviation from mean)

e Z-scores

* TPIindustry

*  PTP and site precision comparisons

Administrative Reviews

Although this may appear trivial, it is important to verify that all results submit-
ted by the laboratory match those recorded in the published PTP report. This
review could identify cases where errors are made in handling the laboratory
result, such as omitting a result from the report or introducing a transcription
error. Other common error sources include results reported with incorrect
units of measure (e.g., mg/kg versus mass %) and incorrect reporting resolution
or significant figures (35.456 versus 35 or 0.03 versus 0.0259). In the ILCP,
errors involving transcription, units of measure, and significant figures account
for a large proportion of rejected results. One way for a laboratory to minimize
such errors is to perform quality control checks on the report form before
submission.

Flagged Data and Investigations

Most PTP reports identify and then highlight or flag individual results that
exceed certain statistical outlier criteria. PTP reports should describe all flag
codes and provide some guidance on how to interpret them. One of the most
common flags is the one to reject a datum as an outlier based on known statis-
tical criteria. A number of outlier tests are available, such as the Cochran test
for within laboratories and the Hawkins test for between laboratories [D6300].
Other techniques like the GESD (Generalized Extreme Studentized Deviate) for
multiple-outlier cases are available for use with control charts [14,15]. The ILCP
uses the Z-score in the first stage of the robust mean estimate to identify out-
liers [10]. In general, outliers are rejected or trimmed from the dataset and the
remaining data are used to recalculate the mean and standard deviation.

Other flags are those applied to data that exceed selected control limits.
The ILCP flags individual results when they exceed the corresponding ASTM
reproducibility (Rastm) control limits or exceed the corresponding PTP repro-
ducibility (Ryese daze) control limits.

The following is a summary of some of the flags applied to ILCP results.
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Code Description

Rejected Result rejected; initial absolute Z-score > 3 in first stage of Ripese data
calculations

1 Lab data outside =3 sigma range for the crosscheck dataset

2 Lab data outside +3 sigma range for ASTM reproducibility

3 Lab Z-score is outside range —2 to +2

X Pl < 0.8; lab precision needs improvement

It is important to recognize statistical outliers, but it is even more impor-
tant to take action to identify the root cause and to implement corrective or
preventative measures. Each ILCP report references a checklist for investigat-
ing the root cause of unsatisfactory analytical performance. The published
standard D7372 also presents a version of this checklist.

TABLE 4—Root Cause Investigation Guide

Check the results for typographical, calculation, and transcription errors.

2. Re-analyze the sample; compare the new result to the site precision, or, if not
available, compare to the test method repeatability.

3. Check the proficiency test sample for homogeneity or contamination.

4. Determine if the lab had taken a representative sample for analysis.

5. Ensure that the laboratory followed the latest version of the standard test
method.

6. Verify that the analyst followed the procedure step-by-step without deviation.

7. Verify instrument calibrations or standardizations.

8. Examine the corresponding quality control chart and investigate if the flagged
data are associated with any issues identified by the control chart.

9. Check the reagents and standards to verify that they are of appropriate quality
and grade and are not expired or contaminated.

10. | If the poor results appear linked to instrument or equipment performance, then
perform maintenance or repairs following established guidelines.

11. | After resolving a problem, analyze a certified reference material, if one is avail-
able, or a quality control sample, to verify that the analytical operation is under
statistical control.

12. | Train or retrain the analysts as appropriate.

13. | Document the incident and the lessons learned for future use if or when a similar

problem occurs.

(Note: Not all steps may apply and there may be other ways to improve performance)
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Data Normality Checks

Typical statistical evaluations of proficiency testing results assume data are
from normal distributions, so it is necessary to evaluate the data for normality.
The AD statistic is used to test objectively for normality, and it is sensitive to
inadequate data measurement resolution relative to the overall variation in the
dataset. D6299 covers the calculation of the AD statistic, a goodness of fit test
to determine if the data are from a normal distribution. The ILCP uses AD as
the primary tool for testing for normal distributions. D6299 recommends the
following criteria to evaluate the AD statistic and these should apply to PTP
data as well:

AD < 1.0 Data are likely normally distributed and the participants should take
action to address all data flags.

AD > 1.0 Data may not represent a normal distribution; participants should exercise
caution in planning actions for flagged data.

AD >>> 1 This is strong evidence of inadequate variation in the dataset due to inad-
equate numerical resolution (could also arise from un-removed outliers or
a perversely non-normal data distribution).

In addition, graphical tools are available for evaluating normality. For
example, one can use a normal probability or normal deviate plot (a special
case of a g-q plot) to visually assess the validity of the normality assumption.
Refer to D6299 for guidance regarding preparing and interpreting normal
probability plots and AD results. If the data are normally distributed, the nor-
mal probability plot should be approximately linear. Major deviations from lin-
earity indicate non-normal distributions. The appearance of a series of steps in
the plotted data rather than a smooth line indicates that the data (or measure-
ment) resolution is too coarse relative to the precision of the test method. A
few examples of these normal probability plots are shown in parallel with histo-
grams in the following section.

Histograms

Plotting interlaboratory proficiency test data as histograms is a useful graphical
tool for viewing data distribution and variability. The ILCP program plots histo-
grams for all datasets where n > 20. For datasets with n > 30, the ILCP also
includes the mean and the first and 99th percentile limits on the histogram.
These limits are based on “median + 2.33 - Robust Standard Deviation” for the
sample, where £2.33 are respectively the first and 99th percentiles of the stand-
ard normal distribution.

When histograms are available, proficiency test participants should review
them and note unusual data distributions. Most important, participants should
locate where their result falls within the histogram bins. Depending on the his-
togram, the location of data in certain bins could indicate a potential problem.
It is more powerful to use a review of the histogram in parallel with reviews of
the corresponding statistical data such as the Z-score, AD statistic, TPI;,qustry,
and normal probability (or deviate) plot.
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The histogram in Fig. 2a represents a case for 45 valid results (i.e., outliers
rejected) at relatively low sulfur levels (1-4 mg/kg) for ILCP #2 diesel fuel
sample DF21006. An AD of 0.76 indicates normally distributed data and the
TPLivdusey = 0.82 shows fair overall performance by the participants especially
at the low sulfur levels. The linearity of the normal deviate plot along with the
AD statistic and visual appearance of the histogram supports the conclusion of
a normal distribution of data. The slight indication of steps in Fig. 2b suggests
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Fig. 2—(a) ILCP histogram for sulfur in #2 diesel by D7039. (b) Normal deviate plot for sul-
fur in #2 diesel by D7037.
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that measurement resolution issues may be involved. Laboratories with flagged
results or results out on the wings of the distribution should consider investigat-
ing for cause.

Fig. 3a shows the histogram for 4-8 mg/kg sulfur by D5453 for a diesel
sample (DF20906). In this case, there are 154 valid results, the TPl 45y =
1.32, and the AD = 0.93. The appearance of the histogram, the AD statistic, and
the approximate linearity of the normal deviate plot in Fig. 3b suggest that the
data are normally distributed. The appearance of minor steps in the normal
deviate plot indicates that there may be some measurement resolution issues.
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Fig. 3—(a) ILCP histogram for sulfur in #2 diesel by D5453. (b) Normal deviate plot for sul-
fur in #2 diesel by D5453.
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This may be related to the application of D5453 at the low sulfur levels, which
represents the lower operation range for this test method.

The histogram in Fig. 4a reflects the distribution for 70 valid results with a
TPLivausery = 0.99 and AD = 1.07. The TPl;;,4,5 indicates good overall perform-
ance by the participants. The histogram shows a small node or bump near the
first percentile limit. The slightly high value for the AD and the indications of
nonlinearity at the lower end of the normal deviate plot in Fig. 4b suggest non-
normal behavior. This bimodality should be of concern to the participants,
especially those with results in the lower node on the left side of the histogram.

A Median

Number of Labs

1670- 1763 1764- 1857 1858-1851 1052-2045 2046-2130 2140-2233 2234-2327 2328-2421 2422-2515

(a) Distribution Range of Test Results
A:_l'u’l
. *
2400 -
PO .
2300 4 /
*
) 2200 4 e
8 e
2 PO
8
< g
3 2000 A
-
% 1900
E
PR 1800 4
'y S
1700 +
1600 |
4200
T T 5 T T i
-3 -2 1 0 1 2 3
(b) Normal Deviate

Fig. 4—(a) ILCP histogram for calcium in engine lube oil by D5185. (b) Normal deviate plot
for calcium in engine lube oil by D5185.
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Laboratories with results in the area of the lower node should investigate look-
ing for root causes.

The histogram in Fig. 5a for sample DF20906 is a case for 49 valid results,
TPI;gusery = 0.51, and AD =2.04 for sulfur values down in the 3 to 12 mg/kg
range, the lower operating range for the test method. The normal deviate plot
in Fig. 5b shows a distinct step function indicative of measurement resolution
problems for the method. The skewed shape of the histogram, the AD statistic,
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Fig. 5—(a) ILCP histogram for sulfur in #2 diesel fuel by D2622. (b) Normal deviate plot for
sulfur in #2 diesel by D2622.
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Fig. 6—Distribution of sulfur results in an ILCP #2 diesel fuel sample by four test methods.

and the normal deviate plot generally support a conclusion that the data are
not normally distributed. Based on these statistics, laboratories should investi-
gate rejected data and Z-score > 3 outliers, but other less critical flagged data
may not require significant effort to find a root cause.

Laboratories may choose to develop histograms in support of their investi-
gations. For example, an investigator can use a histogram to view the distribu-
tion of data derived from several test methods measuring the same parameter
for a single crosscheck sample.

The histogram in Fig. 6 was generated in Excel using ILCP data from the
DF20910 cycle for sulfur in #2 diesel fuel. In this case, where the mean sulfur
level is approximately 7 mg/kg, the distribution of results for D2622, D5453,
and D7039 is similar and as expected. The distribution for D4294, however, is
very different. This observation along with evaluations presented later in this
chapter suggests that D4294, as practiced by the laboratories in this PTP,
appears to be less capable in this low sulfur range. In addition to Excel, several
other software tools are available to the investigator for creating histograms.

Bias (Deviation from Mean)

A graphical technique for a laboratory to assist in evaluating proficiency test
results is to plot the deviations from the mean for each result for each test
cycle. D6299 mentions this in its approach in section 7.6 on proficiency testing,
where participants are encouraged to plot their signed deviations from the con-
sensus value (robust mean) on control charts. Laboratories would then apply
the run rule strategy outlined in that standard to identify outliers and other
issues such as long-term biases. The control chart preferred by the author is a
chart of individual observations (called an I-Chart) with an exponentially
weighted moving average (EWMA) overlaid on the data.



92 SPECTROSCOPIC ANALYSIS OF PETROLEUM PRODUCTS AND LUBRICANTS

Test name and number: Lab 1 - Deviation from Mean for D5453 in ULSD

\-Chart Histogram

Actiontine | | 54 as
+3sigma

° Warning 435
line +2
° * Bias line
"""""""""""""""""""""""" '°'° + 1.5 sigma
075 0 -t LY +1sigma

, 2N . P} AN A |
/ ol \1\/ \j/ { 1 '\j °e PO s
-0.45 o e o . + 1 sigma 1

-------------------- el L BlasTline 25
- 1.5 sigma
Warning
line

-1.65

Action line
- 3sigma

-2.25

Fig. 7—Single lab deviations from the mean, for sulfur in ULSD by D5453 plotted on a
control chart (I-Chart with EWMA).

Fig. 7 is a control chart for a single laboratory’s deviations for determina-
tion of sulfur in ULSD by D5453. Using a control chart in this case is accepta-
ble in that both the corresponding AD and normal deviate plot (not shown)
indicate a normal distribution of data. This control chart shows reasonably
good behavior for the laboratory in that data are within the designated control
limits and the moving average (EWMA) generally moves about the mean, show-
ing no indications of bias. Where the precision varies with analyte level or the
data cover a large range, it may be more useful to plot the corresponding Z-
scores rather than the raw deviations.

Another graphical approach for monitoring bias involves use of box and
whisker graphs (discussed in detail in Section III). As is the case for reviewing
histograms, laboratories should use the box and whisker graphs to observe
where their particular result lies in the graph relative to the general distribu-
tion of results for the test method they used. We recommend investigating any
data outside the whisker end, if those data were not flagged already for other
causes. A review of the apparent distribution of results for each test method
measuring the same parameter may provide valuable insight regarding overall
biases between methods.

Another statistical but more complex approach to evaluate biases is
described in D6617. This standard practice estimates whether or not a single
test result is biased compared to the consensus value from the PTP program.

Z-Scores

Z-score (D7372) is defined as a standardized and dimensionless measure of the
difference between an individual result and the corresponding arithmetic mean
of a dataset, re-expressed in units of standard deviation (dividing the actual dif-
ference from the mean by the standard deviation):

X -X
Zscore - IT (9)

where X is the mean and s is the standard deviation.
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Z-scores are calculated and presented along with laboratory results as part
of the data summary tables in the ILCP reports. Several examples regarding
how to use Z-scores to evaluate PTP results follow. Note that the objective of
this and other tools is to identify potential issues, which can then be addressed
to find solutions that will improve performance.

The sign and magnitude of the Z-score reflect the relative bias of the indi-
vidual result versus the mean for the sample group. Note that the robust
approach used by the ILCP eliminates the most egregious results (i.e., Z-scores
>3 or <—3) in the first stage for determining the robust means and standard
deviations. Z-scores in the 2 to 3 or —2 to —3 zones obviously represent some-
what greater differences (relative bias) than scores in the middle —2 to 2 zone.
Therefore, laboratories should prioritize their investigations, concentrating first
on results with Z-score >3 or <-3 and then on those >2 or <—2. This process
of comparing and responding to Z-score values falling into different Z-score
zones (e.g, 2 to 3 or —2 to —3), is similar to that used with control charts
(D6299) with values falling in the various zones (e.g., between the mean and 1-
sigma, 1 to 2 sigma).

When historical Z-scores are available, laboratories should plot the data to
monitor for longer term trends and calculate the average Z-score for the inclu-
sive period. Analysis of historical Zscores is a means of evaluating laboratory
performance over time to determine the in-statistical-control status of labora-
tory performance. The general expectation is for the average Z-score to be
small and within £1. Investigate cases where the average is >2 or <—2. As men-
tioned previously, one can plot and analyze Z-scores on a control chart and
then take actions in accordance with the applicable run rules.

In 2008, as the ILCP prepared to reorganize the result tables in the ILCP
reports to incorporate the most recent six historical Z-scores, there was no sta-
tistic to evaluate the means and standard deviations derived for the set of his-
torical Z-scores. As a result, the ILCP program team developed a statistic, the
precision indicator (PI), to assist laboratories in assessing Z-score trends. PI is a
type of performance or capability index and is the ratio of the overall pooled
standard deviation (across all laboratories for all reported historical Z-scores)
to the individual laboratory Z-score standard deviation. The ILCP program team
also adopted PI = 0.8 as the critical value for taking action. The critical value
of 0.8 is similar to that used for TPI determinations as described in D6792
(810.3.1.3) and D7372 (§6.1.7.1). If the resulting calculation produces a PI <
0.8, then the laboratory should consider that their long-term precision for this
test method most likely needs improvement. The following examples and dis-
cussions highlight the range of analyses and potential actions in dealing with Z-
scores.

Fig. 8 represents Z-score results for two laboratories collected for nearly 4
years of monthly samples for sulfur in ULSD using D7039. In this case, a mov-
ing average (from Excel) that is similar to the EWMA shows how the averages
move about the centerline. This is similar to plotting Z-scores on a quality con-
trol chart as mentioned previously. A review of the dispersion of Z-scores over
time is different for the two laboratories. For the entire dataset, an F-test shows
that the standard deviations for all Z-scores for these two laboratories are statis-
tically distinguishable. An examination of the chart for the most recent 12
cycles would suggest that the standard deviations should be similar. We
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Fig. 8—Z-scores (with moving average) for determination of sulfur in ULSD by D7039,
plotted sequentially by sample date.

substantiated this observation using the F-fest and t-test, and the results show
that the standard deviations and mean for the 12 most recent data are not stat-
istically distinguishable. This means Lab 2 was able to improve performance
over time eventually matching that for Lab 1.

As shown in Table 1, the ILCP designed some PTPs with 12 cycles per year,
and so these programs generate copious data over relatively short periods. This
is the case represented by Fig. 9, which covers sulfur in ULSD by D5453. A vis-
ual inspection of the chart indicates that the variability of the Z-scores seems to
get worse over time, as highlighted by the two overlaid ovals. Analysis of these
data shows that the standard deviation during the earlier period (s = 0.71) was
noticeably better than the precision (s = 1.06) in the more recent period. Fur-
ther, an F-test of this data revealed that the respective standard deviations are
statistically distinguishable. Therefore, the real question for the laboratory
would be, what happened to cause the Z-score precision to increase and how
can they return to the previous precision level? Be aware, however, that the
Z-scores might be getting worse because the standard deviations representing
the performance of all participating laboratories might be getting better over
time.

Fig. 10 shows sequential historical Z-scores plotted for two laboratories for
determination of calcium in lube oil by D4951. This chart also shows the linear
trend lines (from the Excel spreadsheet). For these cases, use the graphics
along with the corresponding PlIs to enhance the analysis. The story for Lab A
is a good one in that the trend for Z-score over time shows improvement from
scores in the —1 to —2 range to the 0 to —1 range. Because PI > 0.8, there is
no indication that the laboratory precision needs improvement. Lab B has a PI
< 0.8, so laboratory precision may be in need of improvement, as is obvious
from the scatter of data in the graph. There does not appear to be any decrease
in variability over the more recent cycles, although the corresponding trend
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line is in the right direction. The differences in precision between Labs A and
B in Fig. 10 are obvious even without referring to the PI scores.

TP Ilndustry
The TPI, as defined in D6792 (§10), is a capability index that compares the pub-

lished test method reproducibility to the site precision. TPI is a measure of the
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Fig. 10—Historical Z-scores for calcium in lube oil by D4951; Pl = 1.07 and 0.79 for Labs A
and B, respectively.
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capability of the laboratory to meet the published precision of the test method.
The author developed the TPI in the late 1980s to assist laboratories with inter-
pretation of their quality control chart results [16,17]. When reviewing these
early control charts, we observed that laboratories might have impressive-look-
ing charts based on the precision estimates (i.e., the site precision) generated
by the laboratory in the process of setting up the control limits. Impressive in
this case means that results were always in control. When we calculated the
corresponding expected ASTM reproducibility (Raysty) for the quality control
sample, however, we often discovered that the site reproducibility (R’ = site
precision - 2.77) was significantly different (greater) than the published Rasram.
From this observation and coupled with knowledge of capability indices in gen-
eral, we developed the TPI as the ratio of the two reproducibility estimates.
We also developed action criteria. As the use of control charts spread, so did
the use of the TPI tool. D6792 incorporated the TPI in 2002 along with guid-
ance for interpreting the TPI and for determining when to take action.

TPliydusiry is similar to TPI, in that it is the ratio of the calculated ASTM
reproducibility (Rastm) to the reproducibility observed for the ILCP dataset
(Rihese data)- Thus, TPliyq,sy is @ measure of the capability of the participating
laboratories with respect to the performance expected from the corresponding
test method. The guidance in D6792 for interpretation of TPI results generally
applies to the interpretation of TPI;,4,sy. Table 5 shows the key action criteria
for this statistic.

For situations where TPL;,4,5y < 0.8 and a laboratory Z-score is very high
(>2 or >3) or very low (<-2 or <-3), the laboratory needs to consider their
contribution to the relatively poor performance by the industry group.
Although influencing a large group of participants to improve overall per-
formance is beyond the capability of a single laboratory, each laboratory
should consider taking action as appropriate based on the guidance in
Table 6.

Fig. 11 is a composite of sections of an ILCP report showing how a low TPI
score and a high Z-score along with the scatter plot and histogram lead to
similar conclusions. These data indicate that Lab 26 should investigate
the cause of their contribution to poor precision and bias. Even though the

TABLE 5—Interpretation of TPl;,q,s:,, and Associated Actions

TPlingustry | Implication

> 1.2 The performance of the group providing the data is probably satisfactory
relative to the corresponding ASTM published precision. In the general
case, the greater the TPl;pqustry Value above 1.2, the more significant the
difference in reproducibility precisions.

0.8 to 1.2 | The performance of the group providing the data may be marginal and
each laboratory should consider reviewing the test method procedures to
identify opportunities for improvement. (See Table 4.)

< 0.8 The performance of the test method as practiced by the group is not
consistent with the ASTM published precision. Participants should look
for opportunities to improve overall test method performance.
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TABLE 6—Implications of Low TPl;,qustr, and High Z-Score

TPlingustry | Z-score Implication

<0.8 > 3.0 The laboratory is likely a significant contributor to the group’s
or poor reproducibility. The laboratory should investigate as
<-3.0 described in Table 4.

<038 2to3 There are more laboratories in this group and each should con-
or sider actions to improve precision. Use Table 4 as appropriate.
—2to -3

AD > 1.0 in this case, the other evidence is strong enough to support taking
action to improve performance. See the next section for further discussions
regarding analyses of TPl;,4,s:, data by the responsible technical groups.

PTP and Site Precision Comparisons

Another opportunity to evaluate laboratory performance involves comparison
of the PTP precision to the corresponding site precision. As mentioned previ-
ously, a laboratory generates site precision data as part of preparing and main-
taining quality control charts (in accordance with D6299). When site precision
is available, the laboratory can divide the corresponding PTP precision by the
site precision. We would consider this ratio as another capability-type index
similar to TPL In general, a laboratory would aim to have this ratio > 1.0.

ASTM #2 Diesel Fuel
Sample ID: DF20906

Robust Mean

TPI

Robust Standard Deviation
Reproducibility ASTM Standard
Reproducibility These Test Data

Anderson Darling

June 2009 271
Sulfur - D4294
(mass %)
Current Data Historic Z Scores
Test Robust z Mean Std Precision | Significant
Lab | Results |Deviation| Score | Notes | 0902 | 0810 | 0806 | 0802 | 0710 | 0706 V4 Dev Z |Indicator (Pl)| Difference
008 | 0.001 -0.0013 -0.8 R 1.0 17 -0.8 12 0.3 0.43 1.06 0.93
011 |**0.0106 R NDS | NDS | 20 | NDS | 0.0 NDS 1.00 1.41 N/A N/A
012 | 0.002 | -0.0003 -0.2 1.9 -0.1 -0.6 | NDS | 1.4 -0.3 0.35 1.03 0.96
016 | 0.001 | -0.0013 [ -0.8 2.0 [ NDS | -0.8 | NDS | NDS | NDS | 0.13 | 1.62 N/A N/A
017 | 0.0012 | -0.0011 -0.6 R 2.2 0.4 | NDS | NDS | NDS -0.80 1.31 N/A N/A
019 | 0.00 |-0.0023 [ -1.4 2 -1.1 -0.6 | NDS| NDS | NDS [ NDS | -1.03 | 0.40 N/A N/A
020 | 9914 | -0-0009 [ -0.5 NDS | NDS | NDS| NDS | NDS | NDS | -0.50 | 0.00 N/A N/A
022 | 0.0017 | -0.0006 | - NDS | NDS | NDS| NDS | NDS | NDS | -0.40 | 0.00 _NA__ N/A
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Fig. 11—Combined use of the ILCP result table, statistical summary, and graphs to identify
opportunities for improvement.
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SECTION Il - ANALYSIS AND INTERPRETATION BY INDUSTRY GROUPS
This discussion is directed to the ASTM (or other standard developing organiza-
tion) subcommittees or work groups that are responsible for developing and
maintaining standard test methods. Another important group includes those
responsible for company-wide laboratory quality assurance or those responsible
for participation of a multilaboratory cluster in a proficiency test program.
These groups generally have an interest in any observation related to a relative
bias of one laboratory group versus the rest of the participants, the overall per-
formance or capability of a test method as practiced by industry laboratories,
and the relative bias of one method versus another for determining a given
parameter. In addition, these groups are interested in the overall implications
that PTPs may have with respect to improvements in precision over time [18].
The approaches discussed here are available to all interested parties, including
PTP participants.

Techniques to investigate relative biases and test method capability (preci-
sion) are discussed here. Data normality was discussed previously, and those
tools are applicable regardless of whether a laboratory or a work group uses
them. All examples discussed here are from the ILCP.

Relative Bias

Bias is the systematic error that contributes to the difference between a popula-
tion mean of the measurements or test results and the accepted reference or
true value. The accepted reference or true value may be provided as a certified
reference material (CRM) or as a consensus material from a PTP.

Some test methods used for analysis of petroleum products and lubricants
have published bias statements based on analyses of CRMs. Knowing these
biases, when they exist, is valuable for method developers and for those plan-
ning to adopt these test methods in their laboratories. The biases that may exist
among the multiple test methods used to analyze the same parameter are also
of significant interest. The between-method bias is just another component of
the overall between-laboratory bias that we observe when laboratories use dif-
ferent test methods to evaluate the same parameter for product quality. So, this
relative bias relates to the magnitude of difference in means by one or more
test methods analyzing for the same test parameter. More specifically, relative
bias, as used in this discussion, is the systematic error that contributes to the
difference between population means from measurements or test results using
two test methods that purport to measure the same property.

PTP results offer significant insight regarding relative bias. The techniques
recommended for evaluating relative bias include graphical comparison of
means, statistical evaluations to determine significance of bias, and combina-
tions of statistical and graphical comparisons. The following sections demon-
strate these approaches using examples from the ILCP.

BOX AND WHISKER PLOTS

Box and whisker plots are available in ILCP reports when data are generated
for a given property by two or more different test methods. Box and whisker
plots group test data by quartiles, with the center box representing the middle
50 % of test data centered on the median. The horizontal line within the box
represents the median of the reported data. The whisker length is adjusted to
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Fig. 12—Box and whisker plots for sulfur in jet fuel (03/2009 cycle); D1266 (2 labs), D2622
(62 labs), D4294 (166 labs), and D5453 (62 labs).

the last data point that falls within 1.5 times the difference between the upper
and lower value of the center box. Data points above or below the whisker are
included in the plot unless they are off the Y-axis scale.

The size (length) of the box and whisker is a measure of the precision of the
proficiency test results. The position of one median relative to that in another
box is a measure of the relative bias among the test methods involved. The box
and whisker plots, however, do not estimate the significance of any bias
observed. Further, these graphs represent the distribution of data only for one
PTP cycle, so observed biases here may not be supported in subsequent cycles.

Fig. 12 shows the box and whisker plots for sulfur determinations in an
ILCP jet fuel sample. The following discussion demonstrates how a laboratory
or responsible work group might proceed with an investigation or analysis
using these box and whisker graphs. The plots in Fig. 12 for a 2009 cycle have



100 SPECTROSCOPIC ANALYSIS OF PETROLEUM PRODUCTS AND LUBRICANTS

mean sulfur levels of 1240 mg/kg (0.1240 mass %). The data distributions (pre-
cision) and the means (relative biases) among the three test methods (D2622,
D4294, and D5453) appear to be similar. The data displayed for D1266 are
largely ignored because there are only two data reported and the significance
of the reported mean is uncertain.

For the results displayed in Fig. 12, it is difficult just from a review of the
displayed plots to determine if the observed differences in means and preci-
sions among the three test methods are significant. Analyses using F-tests and
t-tests show that the means and precisions among the pairs are statistically sig-
nificantly distinguishable, with the exception of the D2622 and D5453 pair,
where the means are not statistically distinguishable. The individual laboratory
should determine where their results fall within the graph and evaluate any
implications.

MEAN (X) GRAPHS

Perhaps the simplest graphical approach for evaluating long-term bias is to plot
the means obtained for each test method on the same chart for multiple cycle
results. This is more meaningful when results are available for numerous PTP
cycles. In these cases, one might be able to observe whether there appears to
be any significant relative biases among the methods. Fig. 13a shows the rela-
tive biases for four test methods analyzing for sulfur in RFG. The ovals on the
chart are used only to highlight the four results for a specific cycle/sample.
Based on this chart, one would readily conclude that there is a reasonable
chance that D4294 results are biased high relative to the means reported by the
other three methods. For the scale used in this plot the results for D2622,
D5453 and D7039 are packed too closely to make any immediate conclusion
regarding relative biases. Even with the scales exploded, it is still difficult to dis-
cern any bias. Although this is an easy plot to make, without also knowing the
corresponding standard deviations it is difficult to know for sure if any of the
observed differences are significant.

Perhaps a more effective graphical approach is to plot the means for one
or more test methods versus another test method. This shows relative biases
more directly, especially if error bars (X + 1.96 - SE) are also used. We demon-
strate this in Figs. 13b,13c for the same dataset. The overall bias for D4294 rela-
tive to D2622 is obvious in Fig. 13b, especially considering the distance that
most the error bars are from the parity line (vertical error bars are for D4294
and horizontal bars are for D2622). We determined using the ¢-test that this rel-
ative bias is statistically significant at the 95 % confidence level and using the
F-test that the precisions are statistically distinguishable, with D4294 having the
larger precision.

In some cases, the graphical approach does not lead one to a clear conclu-
sion regarding biases. For example, the plot in Fig. 13c seems to suggest that
D5453 results may not be biased relative to D2622. In this case, we observe that
the error bars are generally close to, or overlapping, the parity line. In this
case, one should resort to using a t-fest for clearer guidance. Such analyses
show that the means for D5453 are not statistically significantly distinguishable
from D2622.

From Fig. 14 it would appear that for the ILCP cycles observed, the means
from D4294 are statistically significantly distinguishable from those using
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Fig. 13—(a) Plot of means by test methods by ILCP cycle for sulfur in RFG. (b) Plot of mean
sulfur in RFG by D4294 versus D2622; each data point represents a program cycle. (c) Plot
of mean sulfur in RFG by D5453 versus D2622. (Continued)

D2622. Statistical analyses to determine pooled standard deviations along with
the F-test and t-test statistics show that the precision for D4294 is statistically
significantly distinguishable compared to D2622. Further, the means for D4294
versus D2622 are not distinguishable at the 95 % confidence level; however, the
difference appears to be statistically significant at the 90 % confidence level.
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Therefore, one would suggest that these observations are worth further investi-
gations. Note that the approach used here is not quantitative because the stand-
ard deviations may vary with concentrations across the cycles.
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Test Method Capability Trends

A laboratory or work group can assess the general capability of a test method
by itself or relative to other methods using tools such as TPI;,qy, relative
standard deviation (or coefficient of variance), and the ratio of mean to stand-
ard deviation (quantitation index). We employ each tool with graphical analysis
as well as statistical calculations to assess capability. It is important to note that
we can determine the capability of one method versus another based on two
data sources. One is to use the published reproducibility (Rastm), which pro-
vides the accepted or target values and the other is to use the data from a PTP
(Riziese dara), Which provides results as practiced by “real world” laboratories.

TPlinpusTry
As discussed earlier, TPl;, 4,5 is the ratio of Rastm t0 Repese daza- This TP is a

capability index because it measures the relationship of the performance of the
test method as practiced by an assortment of laboratories (R jese dare) VErsus an
expected performance (Rasty). This index helps determine how well the aver-
age laboratory performs the given test. Comparing TPI among test methods
that purport to measure the same parameter (or property of a material that is
being tested) provides interesting substance for debate. We recommend analyz-
ing TPI;,q4.51y both as a function of the proficiency test cycle (sequential results
over time) and as a function of the mean result for the test cycle. Several exam-
ples are provided from the ILCP.

Figs. 15 and 16 are the graphs for TPL;,4, Vversus either the test cycle or
the mean sulfur content, respectively, for sulfur in RFG. For the TPlL;,4,,5y Versus
test cycle chart, the linear trend line for D5453 shows an increasing trend, which
means that overall, laboratory precision is improving over time and that interla-
boratory variation is decreasing. The more recent data shows that the average
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Fig. 15—TPlingustr, for sulfur in RFG by D5453 and D4294 by proficiency test cycle.
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Fig. 16—TPlisqustry, for sulfur in RFG by method versus mean sulfur.

TPlipqusey values are approaching 1.0, which indicates improving capability. The
TPLydusiy trend for D4294 is decreasing, indicating deteriorating performance
over time. Although not apparent from the chart, fewer laboratories are using
this method. D4294 consistently posts the lowest TPI;, 4,5 values, thus showing
the poorest capability, as practiced by industry laboratories, for RFG and other
products especially at low sulfur levels.

Fig. 16 shows the TPl data as a function of the corresponding
reported mean sulfur level for a different dataset representing sulfur determi-
nations in RFG. Although there is a fair scatter of TPI;, 4, results across the
range of mean sulfur levels shown, the general tendency for TPl,g,sy for
D5453 is in the 0.6 to 1.0 range. D4294, on the other hand, has relatively low
values across this sulfur range. One could conclude that D4294, as practiced by
the participating laboratories, is not very capable for sulfur measurements in
RFG in the <100 mg/kg range.

RELATIVE STANDARD DEVIATION

Relative standard deviation (RSD) (or the coefficient of variation, CV)
expressed as a decimal or as a percent, is an easy statistic to generate and inter-
pret. Generally, one wants the percent relative standard deviation to be low,
perhaps 10 % or lower. To establish a target, one can generate an expected per-
cent RSD based on the published reproducibility. Several examples of plots and
interpretation of RSD data from the ILCP follow.

Fig. 17 shows the relationship between RSD and the mean sulfur content
of the sample across a number of products using D2622. The plots also show
two expected RSD lines based on precision statements specifically for gasoline
range and diesel range samples. This chart demonstrates that the capability of
the test method (as practiced by industry laboratories) is relatively independent
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Fig. 17—Percent relative standard deviation for mean sulfur by D2622 by PTP product
groups.

of product type across the concentration range studied for #2 diesel, jet fuel,
mogas, and RFG. D2622 performance is slightly better (i.e., a lower RSD) for
the ULSD product in the 5 to 15 mg/kg sulfur range. Further investigation
would be needed to understand the reasons for such observations.

An analysis of D4294 capability from Fig. 18 shows that this method appears
to be much less capable, especially at sulfur levels below 100 mg/kg. Here, capabil-
ity seems to be independent of the product types included. More investigation is
warranted, but reaching such conclusions is not the purpose of this chapter.

Fig. 19 shows good capability for D5453 across a range of ILCP products.
Similar to the observations for D2622 (Fig. 17), the capability for D5453
appears to be slightly better for the ULSD product. These differences are just
about as pronounced as they were for D2622 in the lowest sulfur range. Under-
standing the rationale supporting these differences would require further inves-
tigation by the responsible technical group.

RATIO OF MEAN TO STANDARD DEVIATION

Another measure of test method capability is the ratio of the mean to the
standard deviation. Obviously, this is the reciprocal of the relative standard
deviation. The reason for using the mean to standard deviation ratio relates to
the use of a similar expression in evaluating limits of quantitation® (see

4 The limit of quantitation is the point at which the ratio of mean concentration to repeatabil-
ity standard deviation exceeds 10.
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Fig. 18—Percent relative standard deviation for sulfur by D4294 by PTP product.

D6259). For purposes of discussion in this chapter, we call this ratio the quanti-
tation index. This concept is especially important in evaluating test method per-
formance at the lowest end of their operating ranges. Government regulations
and manufacturing specifications are constantly pushing analytical techniques
to pursue lower quantitation and detection limits.

Fig. 20 examines the performance of D5453 for sulfur determinations in
the 0 to 15 mg/kg range, the lower end of its operating range. For these deter-
minations, the capability of D5453 appears to be much better for ULSD prod-
uct than for the others. The quantitation index for the ULSD product is in the
10 to 20 range compared to the 0 to 10 range for the other products. The base
dataset for Fig. 20 is the same as used in Fig. 19. The next step would be to
understand why this occurs, a task for the responsible technical group.

Influence of Uncontrolled Variables
An option available to the test method developers associated with a proficiency
test program is the ability to request special information or data from the par-
ticipants to enhance a special investigation. For example, one could request
information regarding calibration practices or source of calibration standards.
The requesting group would use this information in their investigation. Most
investigations aim at improving performance of a specific test method used by
a PTP.

One of the earliest tools used by the coordinating subcommittee responsi-
ble for the ILCP was to develop and issue lists of helpful steps that laboratories
could take to improve performance. These lists, known as Aids to Analysts,



CHAPTER4 =  ANALYZING AND INTERPRETING PROFICIENCY 107

» RFG/Mogas/Ethanol = #2 Diesel/Biodiesel/Jet ¢ ULSD — General

40

% Relative Standard Deviation

A a. A A .
R = A L A
A A A
0
0 10 20 30 40 50 60 70 80 90 100

S (mg/kg) by D5453
Fig. 19—Percent relative standard deviation for mean sulfur by D5453 by PTP product.
were distributed periodically to participants [19]. Some of these lists were

incorporated into test methods as appendices (e.g., see D4628, D5453, and
D5185).
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Fig. 20—Ratio of mean to standard deviation versus mean sulfur by D5453 by product.
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Referenced Standards

Quality Assurance, Quality Control, and Statistics References

D3244-07a Standard Practice for Utilization of Test Data to Determine Conformance
with Specifications

D6259-98 Standard Practice for Determination of a Pooled Limit of Quantitation

(Reapproved

2004)

D6299-08 Standard Practice for Applying Statistical Quality Assurance and Control
Charting Techniques to Evaluate Analytical Measurement System
Performance

D6300-08 Standard Practice for Determination of Precision and Bias Data for Use
in Test Methods for Petroleum Products and Lubricants

D6617-08 Standard Practice for Laboratory Bias Detection Using Single Test Result
from Standard Material

D6708-08 Standard Practice for Statistical Assessment and Improvement of
Expected Agreement between Two Test Methods that Purport to
Measure the Same Property of a Material

D6792-07 Standard Practice for Quality System in Petroleum Products and
Lubricants Testing Laboratories

D7372-07 Standard Guide for Analysis and Interpretation of Proficiency Test
Program Results

E177-08 Standard Practice for Use of the Terms Precision and Bias in ASTM Test
Methods

E178-08 Standard Practice for Dealing with Outlying Observations

E456-08 Standard Terminology Relating to Quality and Statistics

E882-87 Standard Guide for Accountability and Quality Control in the Chemical

(Reapproved | Analysis Laboratory

2003)

E1301-95 Standard Guide for Proficiency Testing by Interlaboratory Comparisons

(Reapproved

2003)

E1323-09 Standard Guide for Evaluating Laboratory Measurement Practices and
the Statistical Analysis of the Resulting Data

E1329-00 Standard Practice for Verification and Use of Control Charts in

(Reapproved | Spectrochemical Analysis

2005)

E2489-96 Standard Practice for Statistical Analysis of One-Sample and Two-Sample
Interlaboratory Proficiency Testing Programs

E2554-07 Standard Practice for Estimating and Monitoring the Uncertainty of Test

Results of a Test Method in a Single Laboratory Using a Control Sample
Program




CHAPTER4 m  ANALYZING AND INTERPRETING PROFICIENCY 109

E2655-08 Standard Guide for Reporting Uncertainty of Test Results and Use of the
Term Measurement Uncertainty in ASTM Test Methods

ISO 17025 General Requirements for the Competence of Testing and Calibration
Laboratories

Spectroscopic Test Methods

D1552-08 Standard Test Method for Sulfur in Petroleum Products (High-
Temperature Method)

D1840-07 Standard Test Method for Naphthalene Hydrocarbons in Aviation
Turbine Fuels by Ultraviolet Spectrophotometry

D2622-08 Standard Test Method for Sulfur in Petroleum Products by Wavelength
Dispersive X-ray Fluorescence Spectrometry

D4053-04 Standard Test Method for Benzene in Motor and Aviation Gasoline by

(2009) Infrared Spectroscopy

D4294-08a Standard Test Method for Sulfur in Petroleum and Petroleum Products

by Energy Dispersive X-ray Fluorescence Spectrometry

D4628-05 Standard Test Method for Analysis of Barium, Calcium, Magnesium, and
Zinc in Unused Lubricating Oils by Atomic Absorption Spectrometry

D4927-05 Standard Test Methods for Elemental Analysis of Lubricant and
Additive Components—Barium, Calcium, Phosphorus, Sulfur, and Zinc
by Wavelength-Dispersive X-ray Fluorescence Spectroscopy

D4951-09 Standard Test Method for Determination of Additive Elements in Lubricating
Oils by Inductively Coupled Plasma Atomic Emission Spectrometry

D5184- Standard Test Methods for Determination of Aluminum and Silicon in

01(2006) Fuel Oils by Ashing, Fusion, Inductively Coupled Plasma Atomic Emission

Spectrometry, and Atomic Absorption Spectrometry

D5185-09 Standard Test Method for Determination of Additive Elements, Wear
Metals, and Contaminants in Used Lubricating Oils and Determination of
Selected Elements in Base Oils by Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AES)

D5453-09 Standard Test Method for Determination of Total Sulfur in Light
Hydrocarbons, Spark Ignition Engine Fuel, Diesel Engine Fuel, and
Engine Oil by Ultraviolet Fluorescence

D5708-05 Standard Test Methods for Determination of Nickel, Vanadium, and Iron
in Crude Oils and Residual Fuels by Inductively Coupled Plasma (ICP)
Atomic Emission Spectrometry

D5769-04 Standard Test Method for Determination of Benzene, Toluene, and
Total Aromatics in Finished Gasolines by Gas Chromatography/Mass
Spectrometry

D5845- Standard Test Method for Determination of MTBE, ETBE, TAME, DIPE,

01(2006) Methanol, Ethanol and tert-Butanol in Gasoline by Infrared Spectroscopy

D5863-00a Standard Test Methods for Determination of Nickel, Vanadium, Iron,
(2005) and Sodium in Crude Oils and Residual Fuels by Flame Atomic
Absorption Spectrometry
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D6443-04 Test Method for Determination of Calcium, Chlorine, Copper, Magnesium,
Phosphorus, Sulfur, and Zinc in Unused Lubricating Oils and Additives by
Wavelength Dispersive X-ray Fluorescence Spectrometry (Mathematical
Correction Procedure)

D6481-99 Standard Test Method for Determination of Phosphorus, Sulfur, Calcium,

(2004) and Zinc in Lubrication Oils by Energy Dispersive X-ray Fluorescence
Spectroscopy

D6595-00 Standard Test Method for Determination of Wear Metals and Contaminants

(2005) in Used Lubricating Oils or Used Hydraulic Fluids by Rotating Disc Electrode

Atomic Emission Spectrometry

D7039-07 Standard Test Method for Sulfur in Gasoline and Diesel Fuel by
Monochromatic Wavelength Dispersive X-ray Fluorescence Spectrometry

D7212-07 Standard Test Method for Low Sulfur in Automotive Fuels by Energy-
Dispersive X-ray Fluorescence Spectrometry Using a Low-Background
Proportional Counter

Other Test Methods for Comparison

D3120-08 Standard Test Method for Trace Quantities of Sulfur in Light Liquid
Petroleum Hydrocarbons by Oxidative Microcoulometry
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Calibration and Quality Control
Standards and Reference Materials
for Spectroscopic Analysis

of Petrochemical Products
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INTRODUCTION

Calibration and quality control form an integral part of all analyses, including
spectroscopic analysis of petroleum products and lubricants. All apparatus and
instruments used in a laboratory for such analysis require calibration or verifi-
cation before an instrument can be used for producing reliable data. A perfect
analysis needs a perfect calibration as a first step and perfect quality control as
perhaps the last step in the sequence of analytical events. Often this cycle is
depicted as [1]:

Calibration — Sample Analysis — QC Analysis — Calibration — (1)

Appropriate calibration and quality control standards must be used during
the analysis. A wide variety of such standards is available from commercial
sources and National Institute of Standards and Technology (NIST), and many
oil company laboratories prepare their own calibration or quality control refer-
ence materials. Calibration standards identical to the samples being analyzed
would be ideal, but failing that, at least some type of standards must be used to
validate the analytical sequence.

TERMINOLOGY

Some definitions of commonly used term in this area are described in Table 1.

REFERENCE MATERIALS

Three principal areas can be identified where the usage of reference materials

is essential:

1. Method development and evaluation: For verification and evaluation of
precision and accuracy of the test methods, for development of reference
test methods, for evaluation of field test methods, and for validation of
methods for a specific use.

2. Traceability of measurements: For developing secondary reference materi-
als, for developing traceability protocols, and for direct field use.

3. Assurance of measurement compatibility: For direct calibration of methods
and instruments in widely separated plants, or between customers and sup-
pliers, and for intra- and interlaboratory quality assurance.

! Millennium Analytics, Inc., East Brunswick, New Jersey
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TABLE 1—Terminology Used in Calibration and QC Reference

Materials

Keyword

Description

Source

Calibration standard

Material with a certified value for a relevant
property issued by or traceable to a national
organization such as NIST, and whose proper-
ties are known with sufficient accuracy to
permit its use to evaluate the same property
of another sample.

D6792

Certified reference
material (CRM)

Reference material one or more of whose
property values are certified by a technically
valid procedure, accompanied by a traceable
certificate or other documentation that is
issued by a certifying body.

ISO Guide 30

Check standard

A material having an assigned (known) value
(reference value) used to determine the accu-
racy of the measurement system or instru-
ment. This standard is not used to calibrate
the measurement instrument or system.

D7171

Quality control standard

For use in quality assurance program to
determine and monitor the precision and
stability of a measurement system; a stable
and homogenous material having physical or
chemical properties, or both, similar to those
of typical samples tested by the analytical
measurement system. The material is prop-
erly stored to ensure sample integrity, and is
available in sufficiently large quantity for
repeated long-term testing.

D6299

Reference material

A material with accepted reference values,
accompanied by an uncertainty at a stated
level of confidence for desired properties,
which may be used for calibration or quality
control purposes in the laboratory.
Sometimes these may be prepared “in-
house” provided the reference values are
established using accepted standard
procedures.

D6792

Standard reference
material

Certified reference materials that are issued
by the National Institute of Standards and
Technology, Gaithersburg, MD.

ASTM Standard D6792: Guide for Quality System in Petroleum Products and Lubricant Testing

Laboratories

ASTM Standard D7171: Test Method for Hydrogen Content of Middle Distillate Petroleum Products
by Low-Resolution Pulsed Nuclear Magnetic Resonance Spectroscopy
ASTM Standard D6299: Practice for Applying Statistical Quality Assurance Techniques to Evaluate
Analytical Measurement System Performance
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CALIBRATION STANDARDS

Calibration standards appropriate for the method and characterized with the accu-
racy demanded by the analysis to be performed must be used during analysis. Quan-
titative calibration standards should be prepared from constituents of known purity.
Use should be made of primary calibration standards or certified reference materi-
als specified or allowed in the test method. Use of calibration standards almost iden-
tical to analysis samples is usually achievable in physical measurements but is often
difficult or sometimes almost impossible in chemical measurements. Even the
effects of small deviations from matrix match and analyte concentration level may
need to be considered and evaluated on the basis of theoretical or experimental evi-
dence or both. Sometimes the use of standard additions technique to calibrate the
measurement system is a possibility. But because an artificially added analyte may
not necessarily respond in the same manner as a naturally occurring analyte, this
approach will not be always valid, particularly in molecular speciation work.

Where appropriate, values for reference materials should be produced fol-
lowing the certification protocol used by NIST or other standards-issuing
bodies, and should be traceable to national or international standard reference
materials, if required or appropriate.

It is not a good idea to use the same material both as a calibration and
quality control standard. The latter should be similar in matrix to the types of
samples being analyzed, although this is not always possible due to lack of
availability of suitable certified materials. At least for quality control purposes,
it is easy enough to obtain a reasonable large quantity of a plant product, ana-
lyze it by the tests of interest multiple times, and calculate the average and the
variance values to initiate the control chart. The key here is not necessarily the
accuracy of the results but how repeatable the analysis is.

In addition to the oil-soluble organometallic compounds used for the calibra-
tion of instruments such as atomic absorption spectrometry (AAS), inductively
coupled plasma—atomic emission spectrometry (ICP-AES), or Xray fluorescence
(XRF), single- or multielement calibration standards may also be prepared from
materials similar to the samples being analyzed, provided the calibration stand-
ards to be used have previously been characterized by independent, primary (for
example, gravimetric or volumetric) analytical techniques to establish the elemen-
tal concentration at mass percent levels.

CALIBRATION REFERENCE MATERIAL

Calibration reference material (RM) can be classified as primary or secondary.
The primary RMs are well-characterized, stable, homogenous materials pro-
duced in quantity, and with one or more physical or chemical properties exper-
imentally determined, within the stated measurement uncertainties. These are
certified by a recognized standardization laboratory using the most accurate
and reliable measurement techniques. The secondary RMs are working stand-
ards or quality control standards and may have undergone less rigorous evalua-
tion for day-to-day use in the laboratory.

The two most important considerations in preparing reference materials are
their homogeneity and stability. Considerable time and money would be wasted
if analytical certification measurements were done on reference materials that
were later found to be inhomogeneous with respect to properties of interest.
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Hence, several randomly selected representative aliquots should be analyzed first
to ensure homogeneity. This testing does not need to produce the most accurate
data, only relative measurements using precise analytical techniques such as
X-ray fluorescence or neutron activation analysis, where applicable.

Similarly, if a reference material is found to be unstable over the period of its
use, it would be of little benefit to the standardization community. It is not very prac-
tical, however, to check the stability over an inordinately extended period of time
before issuing the reference material for general use. Hence, testing the stability of
the material continues as part of ongoing quality control of reference materials.

Both stock and working standards need to be stored in a contamination-
free environment, out of direct sunlight, and in clean containers, preferably
amber glass bottles to safeguard against physical degradation. One way for
checking for degradation is to measure the response of an aliquot of the stand-
ard by the same instrument under identical instrumental conditions over a
period of time, and monitor it for changes. A list of suggested precautions to
be taken in storage of reference materials is given in Table 2.

Shaking the bottle containing the standard is recommended before an ali-
quot is taken out of the bottle to ensure the uniformity of the blends. If stirring
is necessary, a polytetrafluoroethylene (PTFE) coated magnetic stirrer is advisa-
ble for this purpose.

Often, when a suitable matrix CRM or SRM is not available from a national
or international commercial source, well-equipped laboratories can prepare
and certify a reference material for their own use. One advantage of such an

TABLE 2—Precautions to Be Taken for Storage and Use
of Reference Materials

# Precautions

1 Store only in the original containers in the dark and not subject to
significant variations in temperature and humidity.

2 Do not heat the material in the original container for any reason.

3 Shake the material well before removing any material from the original
container.

4 Never place any equipment such as glass rods, metal spatulas, etc. in the

original container.

5 When preparing calibration standards, remove the necessary amount
into a secondary container.

6 Any material removed from the original container should never be
poured back into it.

7 When two thirds of the material has been used up, prepare additional
material using standardized protocols and methods.

8 The long-term stability of some of the calibration standard materials
may be unknown. If any changes in appearance or other characteristics
are observed suggesting material instability, discard the rest of the
material, and obtain a new batch of the material.
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approach is that the RM can be very similar to the products that will be ana-
lyzed using this RM. An example of this would be certification of a lubricant
additive containing barium and sulfur as principal components [Nadkarni,
unpublished]. This material was analyzed multiple times on multiple days along
with a blank and a NIST SRM using two independent primary methods for
each element. Barium was analyzed using (a) ashing followed by barium sulfate
precipitation, and (b) alkali fusion followed by barium sulfate precipitation. All
final precipitates and residual filtrates were checked by XRF and ICP-AES for
contaminants and incomplete precipitation. With each batch, 99.99 or 99.999 %
pure barium sulfate or barium nitrate chemical compounds were assayed. Sul-
fur was analyzed using (a) alkali fusion followed by barium sulfate precipita-
tion, and (b) Ditert tube combustion followed by redox titration. With each
batch five nines pure barium sulfate and NIST fuel oil SRM were analyzed.

Materials available from ASTM Proficiency Testing Programs (PTP) may be
used provided no obvious bias or unusual frequency distributions of results are
observed. The consensus value is most likely the value closest to the true value
of this material; however, the uncertainty attached to this mean value is depend-
ent on the precision and the total number of participating laboratories. It has
been observed that the variance on the mean value of such PTPs is very large,
making such materials unsuitable for calibration work. They are, however,
suited for use as quality control materials.

ANALYSIS OF CRMs

Because the CRMs will potentially be used for calibration and quality control of

a large number of instruments and measurements, the values assigned to them

need to be “accurate” values; i.e., they should be within the overall uncertainty of

“true” values. Hence, the methods used in certifying the values must have a valid

and well-described theoretical foundation, must have negligible systematic errors

and a high level of precision, and must give “true” value with high reliability.

These primary methods require skilled and experienced personnel, are time con-

suming and comparatively expensive to perform, and are perhaps uneconomical

for routine field use. Three types of such methods may be used for certification:

1. Measurement by a method of known and demonstrated accuracy performed
by two or more analysts independently. Frequently an accurately charac-
terized backup method is used to provide assurance of correctness of data.

2. Measurement by two or more independent and reliable methods whose esti-
mated inaccuracies are small relative to the required accuracy for certification.
The basic principles of two techniques must be entirely different; e.g., copper
determination by electrogravimetry and titrimetry is acceptable, but not by AAS
and ICP-AES, because both latter methods are based on the atomic spectro-
scopic methods, one by absorption and the other by emission. The likelihood of
two independent methods being biased by the same amount in the same direc-
tion is small. When the results by two methods agree, there is a good possibility
that the results are accurate; three methods would almost guarantee it.

3. Measurement via a worldwide network of laboratories, using both methods
of proven accuracy and using existing certified reference materials as con-
trols. It has to be recognized, however, that the mean value of results from
a large number of laboratories may not necessarily represent an accurate
value when the repeatability and reproducibility are large.
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The resultant data from the above analyses will be statistically examined
for outliers, and calculated for mean and variance values. Because only limited
quantities of primary reference standards are generally available, it is a good
idea to prepare secondary quality control standards based on or traceable to
the primary standards. These can be produced by obtaining a large, stable, and
homogenous sample of a product. It should be similar to the products usually
analyzed in the laboratory. Analyzing this new material for the species of inter-
est while the analytical process is under statistical control and ensuring that the
instrument used is calibrated using primary reference standards should be the
basis of preparing a secondary or working reference standard. At least 20 repli-
cates spread over different days and by different analysts, if possible, are
obtained on the proposed QC standard. Based on these replicate analyses, the
mean and the standard deviation values can be assigned to this material.

Sometimes, out of necessity, some values for reference materials are quoted
based on only one technique that does not qualify it as a reference method for
that analysis. Such values are usually labeled as “for information only” values.
These can be later upgraded to certified values when subsequently additional
techniques or laboratories produce reliable confirmatory data.

Further discussion of calibration standards and similar issues can be
found in ASTM Standard Practice for Calibration Requirements for Elemen-
tal Analysis of Petroleum Products and Lubricants, currently in the ballot
process in Committee DO02.

SOURCES OF REFERENCE STANDARDS

NIST by far has been one of the biggest producers of reference materials both
for calibration and quality control. Some of these are listed in Table 5. Several
other mostly commercial organizations—Leco, Cannon, Alpha, VHG, Spex,
Conostan, Accustandard, Spectrum Standards Inc., Analytical Services, Inc., Lab-
oratory of Government Chemist U.K.—also provide such materials, although
probably not with the rigor that NIST uses in their certification. Often once
NIST issues an SRM, a body of literature data rapidly builds up, increasing the
number of elements for which information is available. For example, fuel oil
SRM 1634 was issued by NIST for seven elements, but Gladney et al. [2] list
data on 22 elements from the literature for this popular SRM. SRM 1634 was
replaced with SRM 1634a in 1982 again with seven trace elements certified.

A number of other NIST residual fuel oils (SRM 1619 through 1623) have
been certified for sulfur but not for any other trace elements. These sulfur
SRMs are potential trace element standards, if homogeneity with respect to
trace elements can be demonstrated. Filby et al. [3] using neutron activation
analysis showed that SRM 1634a is suitable as a standard for seven more trace
elements in addition to those originally certified by NIST. Seven other trace ele-
ments appeared to be inhomogeneously distributed, however, and were prob-
ably present in mineral particulates (see Table 3). SRM 1619 is a convenient
standard for vanadium and for low levels of nickel in oils, but SRM 1620a did
not appear to be a suitable standard for any trace element investigated because
of the high percent relative standard deviation for this material (see Table 4). It
must be admitted, however, that part of the high variability may be due more
to analytical uncertainty at such low concentration levels rather than to the
inherent inhomogeneity of the material.
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TABLE 3—Trace Element Analysis of Residual Fuel Oil NIST SRMs

SRM 1634 SRM 1634a

Reference or Reference or

Consensus X = Std. Information X = Std.
Element Values® Dev. (n) Values® (*) Dev. (n)
Nickel 364 33.0+2.3(9) 29 + 1 26.3 +2.5(12)
Vanadium 320 + 15 301 =15 (3) 56 + 2 58.5 + 5.0 (9)
Iron 13.5+1 275 £6.5(9) 31 41.0x7.2(12)
Zinc 0.23 + 0.05 1.0+ 0.4 (8) 2.7 +0.2 2.89 £ 0.92 (12)
Arsenic 0.081 + 0.026 | 0.062 + 0.13 (9) 0.12 0.141 £ 0.017 (12)
Selenium 0.19 = 0.02 0.151 £ 0.058 (9) | 0.15 = 0.02 0.19 = 0.05 (12)
Sodium 119+ 0.9 15.3+ 1.9 (9) 87 +4 102 + 16 (9)
Bromine 0.04 + 0.009 0.33 £ 0.09 (8) <1 0.88 £ 0.19 (12)
Chromium 0.097 + 0.002 | 0.22 + 0.06 (8) 0.7 0.82 £ 0.1 (12)
Cobalt 0.31 + 0.05 0.33 £ 0.06 (9) 0.3 0.50 + 0.37 (12)
Antimony 0.011 £ 0.002 | 0.09 + 0.11 (8) - 0.034 + 0.031 (9)
All values are in milligrams per kilogram. Additional results for rare earths and other elements are
also given in this paper, but that information is not reprinted here because generally those data
would not be of interest to petroleum chemists (excerpted from Ref [2]).
@ NBS certified only for nickel, vanadium, and iron; other values are from Gladney and Burns [4].
b NBS certified or information values for SRM 1634a.

Nadkarni and Morrison used a novel way of using calibration standards in
neutron activation analysis [5]. Instead of using pure metallic elements as irradi-
ation standards, they advocate using well-characterized matrix standards for
multielement analysis. The advantages are simplicity of operation, long shelf life,
and elimination of errors inherent in the preparation of a large number of syn-
thetic standards at the trace element levels. Examples of this approach were illus-
trated by analyzing geological materials using U.S. Geological Survey (USGS)
diabase W-1 as the irradiation standard, and biological materials using NBS SRM
1571 orchard leaves as the irradiation standard. The results obtained using this
approach matched very well with other literature values within the analytical
uncertainty.

The protocols that NIST uses for certification of SRMs and CRMs are
described in May et al. [6].

Kelly et al. [7] suggested a “designer” method for the preparation of NIST
traceable fossil fuel standards with concentrations intermediate to SRM values
for sulfur. Laboratories can mix and prepare standards for distillate fuels oil,
residual fuel oil, and coal in almost any desired concentrations with uncertainties
that are calculable and traceable to NIST-certified values. Because the sulfur con-
tent of all fossil fuel SRMs was certified at NIST with a high degree of accuracy
and precision by isotope dilution thermal ionization mass spectrometry, in
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TABLE 4—Trace Element Analysis of NIST Residual Fuel Oils
SRMs

Element SRM 1619 % RSD SRM 1620a % RSD
Nickel 12.0 £ 1.1 (12) 9 <2 (6)

Vanadium 42.6 4.7 (6) 11 < 0.2 (6)

Iron 23 +16 (12) 74 1M1 +£7(@7) 62
Zinc 1.27 + 0.35 (12) 28 0.7 £0.5(11) 84
Cobalt 0.35 + 0.04 (12) 11 0.08 + 0.06 (12) 72
Chromium 0.38 £ 0.11 (12) 29 0.2 +£0.07 (11) 39
Selenium 1.39 + 0.67 (12) 48 2.0+ 0.6 (12) 28
Antimony 0.03 + 0.02 (10) 60 0.1 £ 0.14 (10) 148
Arsenic 0.094 + 0.010 (12) 11 0.04 = 0.01 (12) 24
Bromine 0.7 £0.9 (12) 127 0.6 £ 0.6 (12) 100
Sodium 27 +6 (9) 23 9.4 +29(9) 31

Data excerpted from Ref [7]. All values are in milligrams per kilogram. The numbers in parentheses
are the number of replicates analyzed.

almost all cases the total expanded uncertainties of the standards produced from
binary mixtures are an order of magnitude smaller than the reproducibility of
current methods used in the commercial laboratories. This method gives the
SRM user a continuum of concentrations available for calibration and quality
control test samples. Unlike calibrants prepared from high purity components,
this method enables the SRM user to create a customized series of calibrants in
the fossil fuel matrix of interest. This should reduce or eliminate biases that
result from differences in matrix composition among standards and unknowns.

A partial list of SRMs available from NIST is given in Table 5. A large per-
centage of these SRMs are certified for sulfur given the importance of this ele-
ment in environmental studies. The NIST catalog of SRMs (Special Publication
260) should be consulted for further information, price, and availability.

GENESIS OF AN SRM

Lubricating oil additive package SRM 1848 has been characterized for a large
number of parameters by NIST. Additionally and separately, this material was
also used for an Interlaboratory Crosscheck Program (ILCP) by ASTM D02
Committee on Petroleum Products and Lubricants. The chemical company that
supplied this material to both these organizations had also conducted an inde-
pendent and separate interlaboratory study for its internal plant laboratories.
Some of the laboratories that participated in the internal crosscheck also par-
ticipated in the ASTM crosscheck. It is interesting to compare the precision
obtained in these three exercises of analyses of this SRM.
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TABLE 5—A Partial List of NIST Reference Materials
for Petrochemical Industry

NIST SRM # Matrix Certification

Sulfur

2721 Crude oil 1.5832 + 0.0044 m%

2722 Crude oil 0.21037 = 0.0084 m%

2770 Distillate fuel oil 41.57 + 0.39 mg/kg

1624 d Distillate fuel oil 3,882 + 20 mg/kg

2723 a Diesel fuel oil 11.0 = 1.1 mg/kg

2714 b Diesel fuel oil 426.5 + 5.7 mg/kg

1622 e Residual fuel oil 2.1468 + 0.0041 m%

1619 b Residual fuel oil 0.6960 + 0.007 m%

1621 e Residual fuel oil 0.9480 + 0.0057 m%

1623 ¢ Residual fuel oil 0.3806 + 0.0024 m%

1620 ¢ Residual fuel oil 4.561 + 0.015 m%

1634 Residual fuel oil Sulfur and trace elements

2717 a Residual fuel oil 2.9957 + 0.0032 m%

1616 b Kerosine 8.41 = 0.12 mg/kg

1617 a Kerosine 1730.7 = 3.4 mg/kg

1819 Lubricating oil Sulfur

1819 a Base oils Five levels from 0.04235 to
0.6135 m%

2710 Di-n-butyl sulfide Sulfur

8771 Diesel fuel Sulfur

8590 Gas oil Sulfur

2294 Reformulated gasoline 0.00409 + 0.00010 m%

2295 Reformulated gasoline 0.0308 + 0.0002 m%

2296 Reformulated gasoline 0.00400 + 0.00004 m%

2297 Reformulated gasoline 0.03037 + 0.00015 m%

2299 Reformulated gasoline 0.00136 + 0.00015 m%

2298 High octane gasoline 0.00047 + 0.00013 m%

2286 and 2287

High octane gasolines

Sulfur
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TABLE 5—A Partial List of NIST Reference Materials

for Petrochemical Industry (Continued)

NIST SRM # Matrix Certification

2719 Calcined petroleum coke 0.8877 + 0.0010 m%

2718 Green petroleum coke 4.7032 = 0.0079 m%
Mercury

1919 b Residual fuel oil 0.00346 = 0.00074 ng/kg
2721 Light-sour crude oil 0.0417 + 0.0057 ng/kg
2722 Heavy-sweet crude oil 0.129 + 0.013 ng/kg

2724 b Diesel fuel oil 0.000034 + 0.000026 ng/kg

Vanadium/Nickel

8505 Crude oil Vanadium 390 mg/kg

2721 Crude oil Vanadium

1618 Residual fuel oil Vanadium 423; nickel
75 mg/kg

2717 Residual fuel oil

1634 ¢ Fuel oil #6 Vanadium 28.19; nickel
17.54 mg/kg

Organics

1829 Reference fuels Alcohols

2292 to 2297; 2299 Reformulated gasolines MTBE

2286; 2287; 2298; 1838 High octane gasolines Ethanol

1837 Gasoline Methanol and butanol
1839 Gasoline Methanol

2288; 2289 Gasolines t-Amyl-methyl ether
2290; 2291 Gasolines Ethyl-t-butyl ether
2293 Gasoline Methyl-t-butyl ether
Miscellaneous

1580 Shale oil

1582 Crude oil

8507 Mineral oil Water 76.8 mg/kg
1818 Lubricating oil Chlorine

1083-1085 Used oils Wear metals

(Continued)
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TABLE 5—A Partial List of NIST Reference Materials

for Petrochemical Industry (Continued)

NIST SRM # Matrix Certification
1836 Lubricating oil Nitrogen

1636 to 1638 Reference fuels Lead

2712 Reference fuel Lead 11.4 mg/kg
2713 Reference fuel Lead 19.4 mg/kg
2714 Reference fuel Lead 28.1 mg/kg
2715 Reference fuel Lead 784 mg/kg
1848 Lubricating oil additive See Table 6
8506 a Transformer oil Water 39.7 mg/kg

NIST used prompt gamma ray activation analysis, ICP-AES, isotope dilu-
tion thermal ionization mass spectrometry (ID-MS), and X-ray fluorescence
(XRF) for elemental analysis in addition to other ASTM test methods listed in
Table 6 for base number, flash point, ash, sulfated ash, and kinematic viscosity
determinations.

In the ASTM ILCP, 59 industry laboratories participated. Only a single ali-
quot was analyzed by each laboratory, so repeatability of analysis cannot be cal-
culated. All laboratories used ASTM standard test methods for obtaining all the
results. In addition to the ASTM tests mentioned in Table 6, elemental analysis
was also conducted using ASTM standard test methods D4951, D5185 (ICP-AES),
and D4927 (WD-XRF). In the company internal crosscheck, 24 laboratories par-
ticipated using essentially the same test methods as previously mentioned.

Based on the data in Table 6, it can be concluded that the three data sets
are in very good agreement with each other. Although there were only 8 statisti-
cal outliers in the company internal crosscheck, ASTM identified 140 of them
in their larger crosscheck. Shown in Table 7 are the results obtained using
alternative methods such as AAS, ICP-AES, and XRF for determination of met-
als. These data show that the alternate methods produced equivalent results
based on the interlaboratory average for each analytical technique. Similarly,
nitrogen content determined by three alternative methods—D3228, D4629, and
D5261—also produced equivalent results. Overall, the reproducibility of the
analyses was better than that given in the individual ASTM test methods. Thus,
this SRM should prove to be an ideal candidate for calibration and quality con-
trol in oil additives laboratories.

PREPARATION OF A LUBE OIL CRM

The example described next shows how an organization can prepare and cer-
tify a CRM for internal use when a similar material may not be available from
a national certifying body. A large quantity of a 5W30 lubricating oil sample
has been prepared for use as a quality control standard in Linden and its asso-
ciated contract laboratories. The oil was analyzed in replicate in four contract
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TABLE 6—Analysis of NIST SRM 1848 Additive Package

ASTM ILCP Values | Company ILS
Analysis NIST Value (ALA 9610) Values
Boron, m% 0.136 + 0.013 0.133 + 0.0067 0.137 + 0.003
Magnesium, m% 0.821 + 0.058 0.828 + 0.024 0.818 £ 0.013
Phosphorus, m% 0.779 + 0.036 0.783 + 0.025 0.794 + 0.015
Sulfur, m% 2.3270 + 0.0043 2.35 + 0.08 2.28 + 0.07
Chlorine, m% 0.0934 + 0.0046 0.077 + 0.0063
Calcium, m% 0.345 + 0.011 0.357 + 0.009 0.355 + 0.009
Zinc, m% 0.866 + 0.034 0.845 + 0.028 0.859 + 0.012
Hydrogen, m% 123+ 04
Nitrogen, m% 0.57 £ 0.03 0.587 + 0.034 0.575 £ 0.012
Silicon, mg/kg 50 + 2 47 £ 9 52 +12
Base number, mg KOH/g 56.7 + 0.7 56.1 + 0.6 55.8 + 0.7
(D2896)
Base number, mg KOH/g 49.6 + 5.6
(D4739)
PMCC flash point (D93) 173°C (*) 174 =5 173 £7
COC flash point (D92) 194°C (*)
Kinematic viscosity @ 170 ¢St (*) 170.2 £ 1.2
100°C (D445)
Kinematic viscosity @ 40°C | 4,000 cSt (*) 3,935 + 51 4,153 = 24
(D445)
Ash, m% (D482) 5 (*)
Acid number, mg KOH/g 21 (%)
(D664)
Sulfated ash, m% (D874) 6.1 (*) 6.17 = 0.60 6.17 = 0.36

Density @ 15°C, g/mL
(D4052)

0.9549 + 0.0012

0.9547 + 0.0007

(*) Information Value

laboratories for a number of commonly determined parameters by multiple
test methods where possible. Overall, the agreement between the four laborato-
ries has been excellent. Based on this interlaboratory study, values have been
assigned to analytical parameters. The mean values obtained are consistent
with the expected product specifications of this lube oil. Where possible, differ-
ent test methods were used for analyzing the same parameter and gave similar
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TABLE 9—Analytical Consensus Values versus Product
Specifications of 5W30 Lube Oil

Analysis ASTM Test Methods Nominal Target | Assigned Value
API gravity D287 33.6 33.9 + 0.07
Ash, m% D482 0.64 + 0.03

BF Viscosity @ —40°C, Cp | D2983 77,113 + 8972
Calcium, mg/kg D4951; D5185; D6443 1,950 1,830 + 32
Chlorine, mg/kg D6443 150 26 +3

CCS @ —25°C, mPas D5293 2,546 2,395 + 61

CCS @ —30°C, mPas D5293 4,801 4,548 + 65
Flash point (PMCC), °C D93 227 203+ 1.5

Kin. viscosity @ 40°C, cSt | D445 60.37 60.02 + 0.11
Kin. viscosity @ 100°C, ¢St | D445 10.31 10.33 = 0.006
MRV @ —35°C, cp D4684 20,900 18,393 + 132
Molybdenum, mg/kg D5185 53 54 + 0.2
Nitrogen, mg/kg D4629 681 625 + 63

Noack loss, m% D5800 B 14.6 14.7 + 0.3

Pour point, °C D97; D5950; D5985 -42 42 £ 1.6
Phosphorus, mg/kg D4951; D5185; D6443 925 952 + 25
Ramsbottom carbon, m% | D524 0.84 0.84 + 0.009
SASH, m% D874 0.8 0.78 + 0.02
Sulfur, m% D5185; D6443 0.3106 0.2508 + 0.0118
TAN, mg KOH/g D664 1.5 1.75 + 0.09
TBN, mg KOH/g D2896 6.6 6.33 + 0.11
Zinc, m% D4951; D5185; D6443 0.1012 0.1035 + 0.0024

results, e.g., elemental analysis and pour point. The precisions obtained in a
majority of analyses in this study were at least equal to or better than those
given in the ASTM standard test methods.

The sample was analyzed on different days for five replicates for various
product specification parameters. For all analyses, ASTM standard test methods
were used.

Between the four laboratories, about 20 replicate analyses for most of the
parameters were obtained. The individual data from each laboratory are
included in Table 2. Because there were no statistical outliers under Dixon test,
all data are pooled together for calculating the mean values in this table.
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In Table 8 the precisions for all analyses obtained by the individual labora-
tories are summarized. Overall, the precisions obtained for each type of analy-
sis are similar for each laboratory. In some cases, however, the precision of
one of the laboratories is significantly different from those of others based on
F-test at 95 % confidence limits. However, although the precision of a labora-
tory may be different than that of other laboratories, in reality it is better than
that of other laboratories. Table 9 compares the agreement between the prod-
uct specifications and the consensus values obtained from four laboratories.

COMPARISON OF TEST METHODS

Sometimes different ASTM test methods were used for the elemental analysis of
this lube oil. It is interesting to compare the results obtained by different methods
(Table 10). Two ICP-AES and two XRF methods were used. Where the data are
available, different test methods produced essentially equivalent average results.
In some cases, however, the precisions obtained by each method were not neces-
sarily identical, e.g., ICP versus XRF ASTM methods for analysis of calcium, phos-
phorus, sulfur, and zinc. In all cases, the XRF results were more precise than the
ICP results. Three different pour point methods—manual D97 and automatic
D5950 and D5985—produced closely matching results.

COMPARISON OF PRECISIONS IN LABORATORIES VERSUS ASTM

METHODS

Table 11 summarizes the repeatability (r) and the reproducibility (R) obtained

for various analyses and compares them against the expected precisions given

in the ASTM test methods. Where only one laboratory used a particular

method, obviously only repeatability can be compared.

* The precisions were about the same in this study and in ASTM methods
for the determination of API gravity (D287), PMCC flash point (D93), CCS
@ —25°C (D5293), kinematic viscosity @ 40°C (D445), and Noack volatility
(D5800 B).

TABLE 10—Multitechnique Elemental Analysis of 5W30
Lube Oil Standard

Analysis D4951 (ICP) D5185 (ICP) D6443 (XRF) D4927 (XRF)
Calcium, m% 0.1840 + 0.0053 | 0.1846 + 0.0027 | 0.1837 + 0.0009 | 0.1840 + 0.0011
Chlorine, mg/kg | ... 26.0 + 3.7 26.4 + 1.3°
Molybdenum, 54.0 + 0.7

mg/kg

Phosphorus, 940 + 36 964 + 34 968 + 5 956 + 9

ma/kg

Sulfur, m% 0.249 = 0.018 0.252 + 0.001 0.249 = 0.002
Zinc, m% 0.1035 + 0.0044 | 0.1042 + 0.0019 | 0.1063 + 0.0006 | 0.1026 + 0.0009

2 This test method does not determine chlorine in its ASTM format; however, the laboratories have
reported results by this method.
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* The laboratory precisions (r and R) obtained were superior than those
given in ASTM methods D5185 for calcium; D6443 for calcium, chlorine,
phosphorus, sulfur, and zinc; D5293 for CCS @ —30°C; D4684 MRV; D874
SASH; and D97 pour point.

*  The laboratory precisions were not as good as given in ASTM methods in
the cases of r of D4951 for calcium and phosphorus; r and R of D4629 for
nitrogen; R of D664 for TAN; r of D2896 for TBN; and r and R of D482
ash methods. In this last case, however, the precisions are not exactly com-
parable since the precisions given in the method relate to different levels
of ash than that found in this work.

e In three cases the laboratory r was inferior but R was as good or better
than given in ASTM methods D445 for kinematic viscosity @ 100°C ; D524
for Ramsbottom carbon; and D6443 for chlorine.

e Three laboratories obtained varying results for D2983 Brookfield Viscosity
@ —40°C. Although each laboratory’s precision was close to that allowed in
the method, the overall agreement between the laboratories, i.e. reproduci-
bility, was quite poor. It is not clear why this is so because as far as we
know all three laboratories are properly running this test.

Thus, although there are a few cases where the laboratory precision was
poorer than expected in the ASTM standards, generally the precisions obtained
in this study were equal to or better than those given in the ASTM test meth-
ods. This can only be attributed to good laboratory quality management prac-
tices such as following the test method correctly and doing appropriate
calibrations and quality control during analysis. In any case this material is
serving a useful role as a laboratory QC reference material in several company
laboratories.
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An analytical revolution in the area of metals determination took place in the
mid-fifties when Sir Alan Walsh of CSIRO, Melbourne, Australia, invented the
technique of atomic absorption spectrometry (AAS) [1]. Until then, metals had
to be determined by the tedious, labor-intensive, and time-consuming techni-
ques of wet chemistry separations and gravimetric, titrimetric, or colorimetric
measurements.

A number of books [2-8] and reviews [9-18] have been published on this
topic. Since the technique was first introduced in the mid-fifties, tens of thou-
sands of AAS instruments have been sold, and perhaps thousands of publica-
tions have appeared describing the fundamentals or the applications of this
technique to various matrix products, including petroleum products and lubri-
cants. It has essentially evolved into a “cookbook” type of analysis. Many modern
instruments are fully automated. Once the material is in solution, the actual
analysis takes less than a minute, although this time depends on the number of
elements determined in each sample. Other than refractory oxide-forming ele-
ments, the detection limits for AAS are less than a part per million for most
metals.

Use of electrothermal or graphite furnace AAS is described in the next
chapter in this monograph.

A simple schematic representation of AAS can be shown as (see Fig. 1):

HOLLOW CATHODE LAMP — NEBULIZER — FLAME — DETECTOR —
MONOCHROMATOR — PHOTOMULTIPLIER — RECORDER — PRINTER
TUBE DETECTOR GRAPHICS

The basic AAS instrument consists of a suitable light source emitting a light
spectrum directed at the atomizer through single- or double-beam optics. The
light emitted by the source is obtained from the same excited atoms that are
measured in the atomizer. The light leaving the atomizer passes through a sim-
ple monochromator to a detector. The measured intensity is electronically con-
verted into analytical concentration of the element being measured. Quantitative
measurements in AAS are based on Beer’s Law. However, for most elements,
particularly at high concentrations, the relationship between concentration and
absorbance deviates from Beer’s Law and is not linear. Usually two or more cali-
bration standards spanning the sample concentration and a blank are used for
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Fig. 1—Schematic diagram of an atomic absorption spectrometer.

preparing the calibration curve. After initial calibration, a check standard at mid-
range of calibration should be analyzed.

The ground-state atom absorbs the light energy of a specific wavelength
as it enters the excited state. As the number of atoms in the light path
increases, the amount of the light absorbed also increases. By measuring the
light absorbed, a quantitative determination of the amount of the analyte
present can be calculated.

Two types of AAS instruments use either single beam or double beam. In
the first type, the light source emits a spectrum specific to the element of
which it is made, which is focused through the sample cell into the monochro-
mator. The light source is electronically modulated to differentiate between
the light from the source and the emission from the sample cell. In a double-
beam AA spectrometer, the light from the source lamp is divided into a sam-
ple beam that is focused through the sample cell, and a reference beam that
is directed around the sample cell. In a double-beam system, the readout rep-
resents the ratio of the sample and the reference beams. Therefore, fluctua-
tions in the source intensity do not become fluctuations in the instrument
readout, and the baseline is much more stable. Both types use the light sour-
ces that emit element specific spectra.

In AAS, the sample solution, whether aqueous or nonaqueous, is vaporized
into a flame, and the elements are atomized at high temperatures. The elemen-
tal concentration is determined by absorption of the analyte atoms of a charac-
teristic wavelength emitted from a light source, typically a hollow cathode
lamp that consists of a tungsten anode and a cylindrical cathode made of the
analyte metal, encased in a gastight chamber. Usually a separate lamp is
needed for each element; however, multielement lamps are in quite common
use. The detector is usually a photomultiplier tube. A monochromator separates
the elemental lines and the light source is modulated to discriminate against
the continuum light emitted by the atomization source.

More than 70 elements can be determined by AAS, usually with a precision
of 1 to 3 % and with detection limits of the order of sub-mg/kg levels, and with
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little or no atomic spectral interference. There could, however, be molecular
spectral, ionization, chemical, and matrix interferences. Both aqueous as well
as organic solvent solutions can be analyzed so long as the calibration stand-
ards are prepared in the same solvent media.

INTERFERENCES

Generally, the AAS method is considered a technique with few interferences.
The several types of interferences possible are chemical, ionization, matrix, emis-
sion, spectral, and background absorption interferences [3,5]. Because these
interferences are well-defined, it is easy to eliminate or compensate for them.

Chemical Interferences—If the sample for analysis contains a thermally sta-
ble compound with the analyte that is not totally decomposed by the energy of
the flame, a chemical interference exists. It can normally be overcome or con-
trolled by using a higher temperature flame or adding a releasing agent to the
sample and standard solutions.

Ionization Interferences—When the flame has enough energy to cause the
removal of an electron from the atom, creating an ion, ionization interference
can occur. It can be controlled by adding an excess of an easily ionized ele-
ment to both samples and standards. Normally, alkali metals that have very low
ionization potentials are used.

Matrix Interferences—These can cause either a suppression or enhance-
ment of the analyte signal. Matrix interferences occur when the physical char-
acteristics—viscosity, burning characteristics, surface tension—of the sample
and standard differ considerably. To compensate for the matrix interferences,
the matrix components in the sample and standard should be matched as
closely as possible. Matrix interferences can also be controlled by diluting the
sample solution until the effect of dissolved salts or acids is negligible. Some-
times, the method of standard addition is used to overcome this interference.
See below.

Emission Interferences—At high analyte concentrations, the atomic absorp-
tion analysis for highly emissive elements sometimes exhibits poor analytical
precision, if the emission signal falls within the spectral bandpass being used.
This interference can be compensated for by decreasing the slit width, increas-
ing the lamp current, diluting the sample, or using a cooler flame.

Spectral Interferences—When an absorbing wavelength of an element pres-
ent in the sample but not being determined falls within the bandwidth of the
absorption line of the element of interest, a spectral interference can occur. An
interference by other atoms can occur when there is a sufficient overlapping
between radiation and emitted by the excited atoms and other absorbing
atoms. Usually the bandwidth is much wider than the width of the emission
and absorption lines. Thus, interferences by other atoms are fortunately quite
limited in AAS. The interference can result in erroneously high results. This can
be overcome by using a smaller slit or selecting an alternate wavelength.

Background Absorption Interferences—There are two causes of background
absorption: light scattering by particles in the flame and molecular absorption
of light from the lamp by molecules in the flame. This interference cannot be
corrected with standard addition method. The most common way to compen-
sate for background absorption is to use a background corrector that uses a
continuum source.
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Standard Addition Method—One way of dealing with some of the interfer-
ences in the AAS methods is to use a technique called standard addition [4]. The
International Union of Pure and Applied Chemistry (IUPAC) rule defines this tech-
nique as the “Analyte Addition Method”; however, “standard addition method” is
well known and is widely used by the practitioners of AAS; hence, there is no need
to adopt the TUPAC rule. It takes longer time than the direct analysis, but when
only a few samples need to be analyzed, or when the samples differ from each
other in the matrix, or when the samples suffer from unidentified matrix interfer-
ences, this method can be used. The method of standard addition is carried out by
(1) dividing the sample into several—at least four—aliquots, (2) adding to all but
the first aliquot increasing amount of analyte, (3) diluting all to the same final vol-
ume, (4) measuring the absorbance, and (5) plotting the absorbance against the
amount of analyte added. The amount of the analyte present in the sample is
obtained by extrapolation beyond the zero addition. The method of standard addi-
tion is less accurate than direct comparison; but when matrix interferences are
encountered, it is necessary to use standard addition.

SAMPLE INTRODUCTION

Atomic absorption spectrometry can handle both aqueous and nonaqueous

samples, but because AAS is a method for the analysis of liquids, if the sample

to be analyzed is a solid or semisolid, it needs to be brought into solution first.

Some of the techniques used for such sample preparation include, from sim-

plest to more elaborate:

1. Dilution of hydrocarbon liquid samples with organic solvents such as
xylene, toluene, methyl isobutyl ketone (MIBK), or kerosine.

2. Oxidation of organic liquid or solid samples in an oxygen-pressurized stainless
steel bomb, which converts the elements present to inorganic compounds. The
contents are diluted with water or dilute acid for measurement [19].

3. Incineration of organic samples with or without sulfuric acid followed by
the dissolution of the residue in a mixture of acids or fusing with alkalis
and further dissolution in an acid mixture.

4. Dissolution in sealed polytetrafluoroethylene bombs with acids, heated for
several hours at ~150°C, and then dilution with water for measurement
[20].

5. Dissolution in a microwave oven in a mixture of acids in a very short
period of time [21].

6. Gold amalgamation before cold vapor measurement for mercury determi-
nation [22].

7. Hydride formation of certain volatile elements—e.g., selenium, arsenic,
antimony—and direct measurement by AAS [23].

8. Incineration of organic samples by low-temperature plasma. It takes, how-
ever, several days to complete the oxidation. The residue is dissolved in a
mixture of acids prior to AAS determination.

CALIBRATION STANDARDS

All AAS measurements of samples are preceded by calibration of the instru-
ment with elemental standards. Such calibration needs to be undertaken every
time the flame is lit because each time the flame conditions cannot be precisely
replicated and there will be small differences in the intensity of elemental lines



with each flame condition. Such standards could be aqueous or organic solvent
based. Aqueous metallic standards are used when samples are converted to aque-
ous acid forms, and organometallic standards in organic solvents are used where
samples are simply dissolved or diluted in base oil or organic solvents. Generally
the calibration standards today are commercially available, prepared in suitable
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concentrations. Either single-element or multielement standards are available.

The elements usually determined in petroleum products and lubricants are
listed in Table 1 along with their recommended wavelengths, flam conditions,

range of analysis, and detection limits.

TABLE 1—AAS Determination of Selected Metals in Petroleum
Products and Lubricants
Detection
Metal Wavelength, nm | Flame Range, mg/kg | Limit, mg/kg
Aluminum 393.1; 309.2 Nitrous oxide + | 5-50 0.02
acetylene
Arsenic 193.7 Air + acetylene | 0.1-10 0.2
Barium 553.6 Nitrous oxide + | 1-20 0.01
acetylene
Boron 249.8 Nitrous Oxide + | 1-50 2
acetylene
Calcium 422.7 Air + acetylene | 0.1-10 0.002
Chromium 357.9 Air + acetylene | 0.5-10 0.005
Copper 324.8 Air + acetylene | 0.1-10 0.001
Iron 248.3; 372.0 Air + acetylene | 0.1-10 0.01
Lead 217.0; 283.3 Air + acetylene | 1-20 0.02
Magnesium 285.2 Air + acetylene | 0.1-2 0.0001
Manganese 279.2 Air + acetylene | 0.1-10 0.005
Molybdenum 3133 Air + acetylene | 5-20 0.02
Nickel 232.0; 341.5 Air + acetylene | 0.5-10 0.02
Potassium 766.5 Air + acetylene | 1-10 0.004
Selenium 196.1 Air + acetylene | 0.1-1 0.3
Silicon 251.6 Nitrous oxide + | 1-50 0.2
acetylene
Sodium 589.6 Air + acetylene | 0.1-1 0.001
Vanadium 3184 Nitrous oxide + | 1-100 0.08
acetylene
Zinc 213.9; 398.8 Air + acetylene | 0.1-2 0.003
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BURNER SYSTEM

A duel option burner system consists of both a flow spoiler and an impact
bead for optimal operation under different analytical conditions. Equivalent
precision is obtained with the air-acetylene flame using the flow spoiler or the
impact bead. For nitrous oxide-acetylene flame, however, noticeably poorer pre-
cision is obtained when using the impact bead.

FLAME SOURCES

Usually, AAS instruments use flame as the atomization source. An air-acetylene
(C,H,) flame is used for most elements; the nitrous oxide (N,0)-CoH, flame
reaches higher temperature (2,300°C for air-C,H, versus 3,000°C for N,O-
C,H,), and is used for atomizing the more refractory oxide-forming metals.
Flame conditions used in AAS are summarized in Table 2.

Of several possible combinations (Table 2), air-C,H, and N,0-C,H, are the
most commonly used flames as atomization sources in AAS. More than 30 ele-
ments can be determined with the air-C,H, flame. The N,O-C,H, flame is the
hottest of the flames used and produces a maximum temperature of 3,000°C. It
can atomize refractory elements such as aluminum, silicon, vanadium, tita-
nium, and others, all forming highly refractory oxide molecules in the flame.
Although the N,O-C,H, flame can be used for the determination of more than
65 elements, in practice it is used only where the air-C,H, flame is ineffective.

HOLLOW CATHODE LAMPS

A typical hollow cathode lamp consists of a quartz envelope containing a cath-
ode, made of the element to be determined and a suitable anode. The sealed
envelope is filled with an inert gas such as argon or neon at a low pressure.
When a high voltage—up to 600 volts—is applied across the electrodes, positively
charged gas ions bombard the cathode and dislodge atoms of the element used
in the cathode. These atoms are subsequently excited and the spectrum of the
chemical element is emitted. Hollow cathode lamps are preferred as the light

TABLE 2—Flame Conditions in AAS
Fuel Oxidant Temperature, °C Burning Velocity, cm/s
Natural gas Air 1,700-1,900 55
Propane Air 1,925 82
Propane Oxygen 2,800
Hydrogen Air 2,100 320
Acetylene Air 2,300 160
Hydrogen Oxygen 2,550-2,700 915
Acetylene Nitrous oxide 2,955 180
Acetylene Oxygen 3,050 1130
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sources because they generate a very narrow line, about one tenth of the ele-
mental absorption line width. Usually these lamps are stable and can be used
for several thousand determinations. By combining two or more elements of
interest into one cathode, multielement hollow cathode lamps are produced.
For chemical elements that do not have close resonance lines and are metallur-
gically compatible, multielement hollow cathode lamps save the analyst consid-
erable time not having to switch the lamps and recalibrate the instrument to
determine multiple elements in the same sample.

Failure of hollow cathode lamps occurs when the fill gas is gradually cap-
tured on the inner surfaces of the lamp, and finally, the lamp can no longer be
lighted. Higher lamp current accelerates the gas depletion and cathode sputter-
ing and should be avoided. It is a compromise between obtaining good sensitiv-
ity for the elements being determined and prolonging the lamp life.

Although hollow cathode lamps are an excellent, bright, and stable line
source for most elements, for some volatile elements, where low intensity and
short lamp life time are a problem, electrode-less discharge lamps can be used.
The latter are typically more intense than hollow cathode lamps, and thus offer
better precision and lower detection limits for some elements.

NEBULIZERS
Liquid sample is introduced into a burner through the nebulizer [3] by the ven-
turi action of the nebulizer oxidant. In its passage through the nebulizer, the
liquid stream is broken into a droplet spray. During nebulization, some liquids
are broken into a finer mist than others. For example, MIBK is more efficiently
converted into a fine droplet size than water. The nebulizer draws the solution
up a tube of narrow diameter or capillary. High-viscosity fluids flow through
the capillaries at a slower rate than the low-viscosity fluids. Hence, it is impor-
tant to keep the viscosities of the samples and standards solutions similar to
avoid the possibility of physical interference problems.

Nebulizer capillaries readily become clogged by particulate material, and
they sometimes corrode. It is very important to keep the particulate materials out
of the nebulizers even though it may require a time-consuming filtration step.

MONOCHROMATORS

A monochromator isolates a single atomic resonance line from the line spec-
trum emitted by the hollow cathode lamp, excluding all other wavelengths. A
typical resolution in AAS for this discrimination is 0.1-nm bandpass. The light
emitted by the spectral source is focused onto a narrow entrance slit. From
this, the light diverges until it reaches the first mirror, where it is collimated
into a parallel beam and directed toward the grating.

DETECTORS

A photomultiplier is used as a detector device in AAS because of its sensitivity
over the range of wavelength used in AAS. The photomultiplier produces an
electrical signal that is proportional to the intensity of the light at the wave-
length that has been isolated by the monochromator. This electrical signal is
then amplified and is used to provide a quantitative measure of absorption.
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READOUTS

The readout system of an AAS consists of a way to convert the electrical signal
from the photomultiplier to a meter, a digital display, or a graphic printout. All
modern instruments are capable of directly converting the signal to a metal
concentration after inputting the sample weight taken for analysis, and a previ-
ously prepared calibration curve.

COLD VAPOR AAS
Cold vapor AAS (CVAAS) is used for the high-sensitivity determination of mer-
cury and certain metallic hydrideforming elements such as arsenic, antimony,
selenium, tellurium, bismuth, and tin. In this technique, the gaseous hydrides
of these metals are chemically generated by adding a reducing agent such as
sodium borohydride. The gaseous hydrides and hydrogen produced by the reac-
tion are then swept by an argon purge into a heated quartz cell. When the sam-
ple vapor is atomized in the cell, a peak signal is produced, the height of which
is proportional to the amount of analyte in the sample.

The detection limits for hydride generation AAS are far better than those
by conventional AAS. See Table 3

APPLICATION OF AAS IN OIL INDUSTRY
There are hundreds of publications on the applications of AAS in the petroleum
products area. See Refs [2-18] for comprehensive reviews of this subject. AAS is
truly a workhorse of the metal analysis of petroleum products to the point that
“cookbook” methods are available for almost all elements that are amenable to
AAS determination. Inherent limitations of AAS such as sample preparation and
limited dynamic range can be overcome on a technique based on peristaltic
pumps performing on-line multiple calibration from a single bulk standard and
fast automatic on-line dilution of overrange samples [13].

A large number of publications have appeared applying AAS technique for
the determination of metals in petroleum products and lubricants. It is beyond

TABLE 3—Detection Limits of CVAAS versus Flame AAS
Flame Detection Limits, Hydride Detection Limits,

Element ng/mL ng/mL

Antimony 45 0.15

Arsenic 150 0.03

Bismuth 30 0.03

Mercury, pg/L 300 0.009

Selenium 100 0.03

Tellurium 30 0.03

Tin 150 0.5

(Excerpted from Jenniss et al. [4]).
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TABLE 4—Examples of Application of AAS in the
Petrochemical Field

Product Element References
Crude oil - Venezuela | Cd, Pb, and Ni 24

Crude oils Cu, Mg, Na, Sn, Cd, Zn, Al | 25
Gasoline Pb 26-33
Lube oils, additives Sb 34

Lube oils Ba 35

Lube oils, additives Ba, Ca, Zn 36

Lube oils, additives Several elements 37

Lube oils, additives Ti 38
Petroleum products Hg 39
Petroleum products As and Se 39, 40
Petroleum products Trace metals a1
Petroleum Products Ca and Zn 42

the scope of this chapter to cite all these references; however, a few examples
are given here in Table 4 to demonstrate the applicability of this technique for
petroleum products and lubricants analysis field, and which will go to support
the extensive use of this technique in the petrochemical analysis field. Several
books and reviews exist [2-9].

Samples that are wet-ashed and brought into aqueous solution can be ana-
lyzed by standard AAS methods. Other petroleum samples such as lubricating
oils and additives can be diluted with suitable organic solvents such as xylene,
MIBK, or kerosine before measurements. In the latter case, organometallic
standards have to be used for calibration.

Viscosity plays an important role in the accuracy of oil analysis by AAS.
Viscosity differences between the samples and the calibration standards have
been reported to lead to errors of up to 40 % for iron [30].

Simultaneous multielement flame AAS has been used to determine cad-
mium, lead, and nickel in burned and unburned Venezuelan crude oils. Better
than 1 % precision was obtained [24].

Lead—For the determination of lead, gasoline is usually diluted with iso-
octane, MIBK, or acetone [26]. Some methods extract lead into an aqueous
solution using iodine monochloride [27] or a hydrochloric acid-nitric acid (HCI-
HNO3) mixture [28]. A chemical dependency has been observed in the determi-
nation of lead. Tetraethyl and tetramethyl lead solutions give different absorp-
tions. This effect can be overcome by the addition of iodine and a quaternary
ammonium salt to all samples and standards. Lead determinations have been
automated to analyze more than 75 samples each day [29]. Lead is also
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determined by using mixtures emulsified by addition of a surfactant and a
water-miscible organic solvent such as ethanol or iso-propanol [31].

Silicon—Lubricating oil, fuel additive, or lube additive sample can be dis-
solved in xylene, with addition of potassium naphthenate as an ionization
suppressor and aspirated in a acetylene + nitrous oxide flame in the AAS
instrument. Silicon is determined at 251.6-nm wavelength. The precision of the
method is ~1.5 % RSD at a silicon concentration of ~ 5,000 ppm.

Wear Metals—Until the advent of ICP-AES, AAS was widely used for the determi-
nation of wear metals in used oils. Sampling is a serious problem with wear metals
analysis. This subject is discussed in a separate chapter on used oil analysis in this
monograph. An extensive review of wear metals, principally by using AAS, of pre-1980
publications is given by Schyra et al. [9]. Several papers have compared ICP-AES with
AAS [43-45] methods for wear metal analysis and found them equivalent. A round
robin of 27 laboratories using these methods found excellent data agreement [45].

In this author’s laboratory, a number of metals in lubricating oils and lubricat-
ing additive packages have been determined using AAS. An example of such analy-
sis and the experimental conditions used are given in Table 5. In all cases, the
sample was diluted with reagent-grade xylene. In a few cases, for high viscosity
materials such as poly-iso-butylenes, the sample was ashed at 750°C with sulphuric
acid, and the residue was dissolved in dilute mineral acid before aspirating into the
flame. In all cases a blank was carried through the entire analytical sequence. Ioni-
zation suppressant was added where necessary. Organometallic standards in xylene
were used for calibration, and each set of analyses was accompanied by a quality
control sample producing data to construct a statistical quality control chart.

The results given in Table 5 show good agreement with the product specifi-
cations of this material. The elements boron, calcium, magnesium, and zinc are
the chemical constituents of this lubricant; silicon is added as an anti-foamant,
and other trace elements such as aluminum, barium, copper, iron, and sodium

TABLE 5—Analysis of a Lubricant Product Using AAS
Wave- Slit Product

Element | Flame Used | length, nm | Width, nm | Found (n = 5) | Specifications
Al, ppm | N;O + GH, | 309.3 0.7 5110
B, m% N,O + CyH, | 249.8 0.2 0.13 + 0.02 0.12-0.13-0.14
Ba, ppm | N,O + CyH, | 553.6 0.5 < 20
Ca,m% | Air + GH, | 4227 0.2 0.35 + 0.01 0.335-0.36-0.385
Cu, ppm | N;O + GH, | 3248 0.2 11«3
Fe, ppm | Air + GH, 248.3 0.2-0.3 7+1
Mg, m% | Air + GH, | 285.2 0.2-0.5 0.82 + 0.02 0.76-0.82-0.88
Na, ppm | Air + GH, 589.0 0.4 29+4
Si, ppm | N;O + GCH, | 251.6 0.2-0.3 54 +6 58-20
Zn, m% | Air + GH, | 213.9 0.5 0.87 + 0.02 0.81-0.86-0.91
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are present as contaminants from raw materials used in blending or commin-
gling during blending and processing of the product.

ASTM TEST METHODS
Several test methods have been written by D02 Committee based on the use of
AAS for metal analysis in petroleum products and lubricants.

In the ASTM D3237-02 test method, the gasoline sample is diluted with
MIBK and the alkyl lead compounds are stabilized by reaction with iodine and
a quaternary ammonium salt, followed by AAS determination of lead. Determi-
nation of trace metals such as lead, sodium, calcium, and vanadium in gas tur-
bine fuels is the subject of the ASTM D3605-00(05) test method. Certain
organometallic compounds (e.g, methylcyclopentadienyl manganese tricar-
bonyl) are added as anti-knock agents to gasoline. ASTM test method D3831-
01(06) describes the determination of manganese in such gasoline samples by
AAS after reacting the sample with bromine and diluting with MIBK.

A widely used test method for the determination of additive elements—barium,
calcium, magnesium, and zinc—in lubricating oils is described in ASTM test
method D4628-05. Oils that contain viscosity index (VI) improvers may give low
results unless calibration standards also contain VI improvers. The results by
this method are found equivalent to those obtained by using ASTM D4927
X-ray fluorescence or D4951 inductively coupled plasma atomic emission spec-
trometry test methods. Trace metals in petroleum coke are determined by
ASTM test method D5056-04 after ashing the sample, fusion of the ash with
lithium borate, dissolution of the melt in HCl, and AAS measurement of alumi-
num, calcium, iron, nickel, silicon, sodium, and vanadium. Aluminum and sili-
con in fuel oils are determined by ASTM test method D5184-01(06) following
the same procedure as in D5056. The method also alternatively allows use of
inductively coupled plasma for this determination. Crude oils and residual
fuels are analyzed for nickel, vanadium, iron, and sodium content by either
ashing or direct dilution with an organic solvent, and AAS determination in

TABLE 6—ASTM Test Methods for AAS Analysis of Petroleum
Products and Lubricants

ASTM Test Method | Analysis

D3237 Lead in gasoline by AAS

D3605 Trace metals in gas turbine fuels by AAS and flame emission
spectrometry (FES)

D3831 Manganese in gasoline by AAS

D4628 Analysis of Ba, Ca, Mg, and Zn in unused lubricating oils by AAS
D5056 Trace metals in petroleum coke by AAS

D5184 Al and Si in fuel oils by ashing, fusion, ICP-AES, and AAS

D5863 Ni, V, Fe, and Na in crude oils and residual fuels by flame AAS

D6732 Copper in jet fuels by graphite furnace AAS
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TABLE 7—ASTM Proficiency Testing Using AAS Methods

Product ASTM Test Method Analysis

#6 Fuel oil D5184 Aluminum and silicon
D5863 Vanadium, nickel, iron, and

sodium

Automotive transmission D4628 Additive elements

fluid

Automotive lubricant D4628 Additive elements

additive

Crude oil D5863 Nickel, vanadium, and iron

Lubricating oil D4628 Additive elements

General gas oils D5863 Vanadium, nickel, and iron

ASTM test method D5863-00a(05). GF-AAS is used in ASTM test method D6732-
04 for the analysis of parts-per-billion amounts of copper in jet fuels.

ASTM PROFICIENCY TESTING
For the last 10 years, ASTM D02 Committee on Petroleum Products and Lubri-
cants has initiated a large program on proficiency testing of various petroleum
products and lubricants among nearly 2,500 worldwide oil industry laborato-
ries [46]. Some of the AAS methods are used in this testing (Table 7).

TABLE 8—Alternate Spectroscopic Analysis of Metals in
NIST SRM 1848
NIST
Analysis All Methods | AAS ICP-AES WD-XRF Certification
Boron, m% | 0.137 0.139 0.139 0.136 = 0.013
(2.0 % RSD; | (4.0 % RSD; | (3.5 % RSD;
n = 10) n==6) n=7)
Calcium, 0.355 0.357 0.351 0.356 0.345 + 0.011
m% (2.4 % RSD; (4.0 % RSD; (1.3 % RSD; (2.7 % RSD;
n=19) n=7 n=7) n=29)
Magne- 0.818 0.826 0.817 0.821 + 0.058
sium, m% (1.6 % RSD; (4.6 % RSD; (1.6 % RSD;
n = 15) n = 8) n=29)
Silicon 52 47 54 50 +2
mag/kg (22.3 % RSD; | (18.9 % RSD; | (21.9 % RSD;
n=11) n =4) n=29)
Zinc, m% 0.859 0.87 0.857 0.855 0.866 + 0.034
(1.4 % RSD; (2.7 % RSD; | (1.2 % RSD; | (2.2 % RSD;
n = 18) n =>5) n=7) n = 10)
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TABLE 9—Comparison of Results from ASTM Lubricant Additive
ALA 0802 ILCP Cross Check

Element AAS (D4628) ICP-AES (D4951) ICP-AES (D5185)
Boron, m% 0.0315 + 0.0017 (22) | 0.0321 + 0.0024 (13)
Calcium, m% 1.353 £ 0.011 (8) 1.363 + 0.022 (24) 1.334 + 0.033 (13)
Magnesium, m% 0.258 + 0.002 (7) 0.258 + 0.009 (23) 0.2596 + 0.0066 (13)
Phosphorus, m% 0.6953 + 0.0104 (23) | 0.6976 + 0.024 (12)
Zinc, m% 0.7702 + 0.0104 (8) | 0.7605 + 0.0105 (23) | 0.7544 + 0.0197 (12)
Results are given as mean = standard deviation (number of valid results).

INTERTECHNIQUE COMPARISON

A number of studies have compared the three most widely used techniques—
AAS, ICP-AES, and XRF—for metal analysis in lube oils and have found them
equivalent. Table 8 gives an example of the analysis of an automotive lube
additive for the analysis of National Institute of Standards and Technology
(NIST) Standard Reference Material (SRM) 1848. The results by all three
methods are in excellent agreement with each other as well as with the val-
ues certified by NIST.

Table 9 gives examples of the intertechnique equivalency based on the analy-
sis of a lubricating additive and a lubricating oil (Table 10) from the ASTM ILCP
proficiency testing program mentioned previously. Again, the agreement between
the three methods is excellent within the precision of the test methods.

Note the smaller number of laboratories using AAS compared with a much
larger number of laboratories using ICP-AES. The first technique is declining
while the second one is being used more and more.

CONCLUSION

Finally, Table 11 compares the detection limits of most commonly used
alternative atomic spectroscopic methods, and Table 12 compares the advan-
tages and disadvantages of these methods. It is clear that AAS has reasona-
ble detection limits for most elements of interest in the petroleum field, but
ETAAS and ICP-AES are better at sub-ppm levels of elements. A major draw-
back of AAS or ETAAS is its single-element capability compared to ICP-AES,
DCP-AES, or XRF. The precision of the results is superior for AAS, followed
by ICP-AES, and ETAAS in the last place.

If only a limited number of elements are to be determined, and cost of
purchase and maintenance, and ease of operations, is a factor in the decision,
then AAS is a very competitive tool for the determination of metals in petro-
leum products and lubricants.

Finally, in Table 13, suggestions to improve the precision and accuracy of
metal analysis in lubricants using AAS are listed. These suggestions are based
on practical laboratory experience, and we hope that they will be a useful guide
for the practitioners of this technique.
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TABLE 13—Practical Hints for Improved AAS Measurements

Area Improvement Suggestion

Sampling Employ adequate mixing and sampling procedures, especially for
heavy oils. Heat such oils sufficiently to obtain good fluidity, and
then shake vigorously on a shaking machine.

Burner Disassemble and clean the burner on a maintenance schedule that is
appropriate for the frequency and the type of use. Monitor for
deposit formation on the burner head and clean when necessary.

Nebulizer Inspect the nebulizer tubing daily for kinks or cracks, and replace if

necessary.

Measure the nebulizer uptake rate daily to check for plugging. Clean
the nebulizer if the rate is not normal.

Carbon buildup

Adjust the gas flow rates when using the nitrous oxide / acetylene
flame to minimize the carbon buildup on the burner. Clean off the
carbon regularly during analysis with a sharp instrument. Carbon
buildup can be particularly troublesome when nebulizing the nona-
queous solutions.

Gases

Prevent leakage of acetone from the acetylene gas tank by monitor-
ing the pressure. Replace the tank when the pressure reaches 50 psi.

Hollow cathode
lamps

Check the alignment of the hollow cathode lamps before analysis,
following the manufacturer’s instructions.

Glassware

Clean all glassware to prevent contamination. Soak the glassware
in warm dilute (5 %) nitric acid for several hours, and then rinse
thoroughly with deionized water.

Blank solution

Always run a blank with all solvents and other reagents added to the
standards and the samples.

composition

Reagents Use pure analyte-free solvents. Verify that the solvents are indeed
free of the analyte.
Sample If the oils contain VI improvers, calibration standards also need to

contain VI improvers. Alternatively, a large sample dilution will elimi-
nate this effect.

Match the matrix of standard solution to sample solutions as closely
as possible.

If ionization suppressant is necessary to add, do so for both samples
and standards, in the same concentration levels. Maintain these
concentrations when the samples are diluted.

Calibration Low-level working calibration standards should be prepared fresh
standards daily from higher concentration stock solution standards.
Calibration Standardize the instrument each time the flame is ignited. Carry out

calibration before each group of samples to be analyzed, or after
change in any instrumental conditions.
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(Continued)

TABLE 13—Practical Hints for Improved AAS Measurements

Area

Improvement Suggestion

Keep all absorbances within the linear and calibrations ranges. Dilute
the sample solutions gravimetrically, if necessary.

Check standards

A single standard should be aspirated from time to time during a
series of samples to check whether the calibration has changed. A
check after every fifth sample is recommended.

Flame The visual appearance of the flame serves as an useful indicator to
detect change of conditions, perhaps as a buildup of carbon in the
nebulizer or burner.

To avoid flame transport problems, add a metal-free base oil of
about 4 ¢St @ 100 °C to both samples and calibration standards. A
100 neutral base oil is suitable.

Background Whenever possible, employ background subtraction to obtain more

correction reliable results.

Instrument Verify the linearity of the concentration / absorbance response for
each analyte following the instrument manufacturer’s instructions.
Perform all determinations within this range. Prepare the standard
solutions with concentrations at the top of the linear range.

Standard This technique may be employed for samples known to have elemen-

addition tal or other interferences.

Bracketing For best results, use a bracketing technique for calibration involving

technique taking absorbance readings for the calibration solutions before and

after each of the sample solution measurements.

Multielement
analysis

Because checking the absorbance of a sample is very quick once the
instrument is calibrated for that analyte, but changing the wave-
length settings and hollow cathode lamps takes longer, it is economi-
cal to make measurements at a single wavelength on a series of
samples and standards for an analyte before changing the conditions
for the measurement of another analyte.

Quality control

Establish and implement a QC protocol that can aid in achieving the
required data quality. At a minimum, a QC sample should be ana-
lyzed with each set of samples analyzed. It is also important to plot
this data on a QC chart.
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INTRODUCTION

Since the pioneering work carried out by Boris V. L'Vov [1], graphite furnace
atomic absorption spectrometry (GFAAS) represents a powerful tool for the
determination of trace elements at ppb concentrations [2].

GFAAS differs from flame AAS (FAAS) in only one component of the spec-
trometer, i.e., the atomizer. In FAAS the atomization temperature is reached using
a flame (see Chapter 6 on FAAS for detailed description). In GFAAS, the atomiza-
tion temperature is reached using a graphite device heated to the high atomiza-
tion temperature by Joule effect.

The technique is often referred to as electrothermal AAS (ETAAS). How-
ever, as only graphite atomizers are used in commercially available spectrome-
ters, the acronym GFAAS is commonly employed to identify this specific
approach to atomic absorption analysis.

Graphite furnaces have been available since the beginning of 1970s. Since
then, atomic absorption spectrometers equipped with both flame and graphite
furnace atomizers represented the “workhorse” of the laboratory for trace
(ppm) and ultra trace (ppb) elemental analysis. From the early 1980s, AA spec-
trometers specifically designed for GF atomizers have been available for use
when the workload of trace analysis is relevant and requires sample splitting
between ppm (FAAS) and ppb (GFAAS) levels.

A variety of applications have been developed during the years. A book
dedicated to GFAAS procedures only was published in 1992 [3].

INSTRUMENTATION

The instrumental setup employed for GFAAS is almost identical to that used for
flame measurements (see Chapter 6 on FAAS). Hence the optical path (lamp,
atomizer, dispersing system, detector) is the same.

The original atomizer developed by L'Vov was a graphite cuvet with a tip
capable of holding a few millilitres of sample solution. However, the actual atom-
izers are quite similar to the design developed by Massmann [4], i.e., a graphite
tube with a sampling hole, about 10 to 20 mm length and 3 to 5 mm internal
diameter in modern instruments. The tube is heated by endside or lateral graph-
ite contacts. Tubes with an internal platform are available to enable the element
vaporization in a hot environment. The sample is injected in the tube through a
small hole. An inert gas flows outside the tube to protect graphite from oxidation
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and inside the tube to allow the removal of the matrix. Gas flow is stopped during

the atomization to increase the residence time of the analyte atoms in the tube.

In GFAAS, the atomic vapor deriving from sample decomposition is con-
tained and restricted in the specific volume of the graphite tube; in FAAS the
sample is diluted in a large volume of oxidizing and fuel gases. Taking into
account the volume of liquid sample injected in a graphite furnace and the fur-
nace volume, and the corresponding sample and gas volumes in FAAS, the
ratio between these two “dilution” factors explains the much higher sensitivity
of GFAAS (about one-hundred times better).

The residence time of atomic vapors is about 1 to 5 s in GFAAS; in FAAS
the residence time of the atoms in the optical path is a few milliseconds
because of the high velocity of the gas mixture flowing through the burner slit.

Further differences between GFAAS and FAAS, as well as ICP-AES and ICP-
MS, concern the measurement of atomic absorption (or emission for ICP-AES).
In GFAAS the sample aliquot injected in the furnace is vaporized by a heating
cycle that can last about 60 s; in FAAS the measurement is performed when the
sample flowing through the burner reaches a stable state (within a few sec-
onds). Therefore, the analytical output of GFAAS (number of samples/time) is
much lower than that of FAAS.

In FAAS, the most relevant analytical parameters are the flame tempera-
ture and the oxidizing or reducing environment. The whole thermal treatment
of the sample (solvent evaporation, decomposition of the matrix, vaporization
of atomic species) occurs within few milliseconds.

In GFAAS, the temperature, heating rate, and hold time of the furnace can
be controlled with much greater selectivity. Hence thermal cycles can be devel-
oped specifically for each combination of matrix and analyte.

The thermal cycle can be divided into the following steps:

* Drying, ie., solvent evaporation. The temperature of this step is tuned
according to the type of solvent, and the time according to the volume
injected in the graphite furnace.

¢ Decomposition, better defined as pyrolysis in petroleum products analysis.
The temperature is set according to the element being analyzed and to the
thermal properties of the sample, the time according to the complete
decomposition of the sample. Sometimes, two decomposition steps are
employed, the first to completely decompose the matrix, the second to
reach the optimum decomposition of the element species. Usually the max-
imum temperature without element loss is chosen to reduce vapor-phase
interference of the matrix.

* Atomization. The temperature is set according to the element and the time
according to the complete atomization of the element. The gas flow is
applied to obtain the highest residence time of atoms in the tube. Usually
the minimum temperature with complete vaporization is chosen to
increase the lifetime of the tube.

*  C(Cleaning. The maximum temperature is set, with standard or even higher
gas flow, to remove all residues of sample decomposition.

Decomposition and atomization temperatures are specific for each element,
and may vary for each GF type because of the different design (e.g., length, diame-
ter, graphite thickness). Length and diameter of the tube affect the analytical con-
ditions, because the tube volume is inversely proportional to the concentration of
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the atomic vapors. Actual tubes show a length of about 1.5 to 2 cm and an inter-
nal diameter of about 3 to 5 mm. Graphite thickness affects the heating rate of
the tube. Furthermore, side heating of the tube enables a more uniform heating
in comparison to end-side heating.

Over the years, GFAA spectrometers capable of measuring the atomic
absorption of different elements simultaneously have been developed. These
instruments are equipped with various lamps and with a specific optical
arrangement to enable simultaneous reading of atomic absorption at different
wavelengths using solid state detectors.

When measuring various elements at the same time, thermal properties of
these elements should be considered. Elements with similar properties (pyroly-
sis and atomization temperature) can be handled without problems. Problems
arise when elements with very different properties are analyzed simultaneously.
In this case, the lowest pyrolysis temperature should be chosen to avoid the
loss of the most volatile element, and the highest atomization temperature to
enable the atomization of the most stable element. Also using matrix modifiers
should be considered, because only elements analyzed with the same modifier
can be measured at the same time.

INTERFERENCES

Some problems associated with GFAAS are:

* Element loss before the measurement of atomic absorption occurs. The
element can be lost as atomic vapor exiting the measurement volume or
as molecular species.

*  Spectral interferences that can affect the accurate measurement of specific
absorption.

Interferences in GFAAS analysis are more severe than those encountered in
FAAS. These interferences are due to the element volatility and to the matrix.

The element loss represents the most serious drawback for the current use
of GFAAS in standardized test methods. Clearly the loss is related to the volatil-
ity of the element and its species.

As far as the elemental properties are concerned, the elements can be
roughly divided into four groups:

* volatile elements (e.g., lead, cadmium, zinc, arsenic, antimony)

* stable elements (e.g., iron, copper, chromium, nickel)

* elements with high boiling point (e.g., titanium, vanadium)

* elements with very high boiling point (e.g., rhenium, zirconium).

Beside the thermal properties of the element itself, the thermal properties
of the respective compounds must be taken into account. Halides are extremely
volatile; the element can be lost as chloride or fluoride before the atomization
occurs. Extensive work was carried out to demonstrate the behavior of several
halides [5,6]. The presence of halides in the sample can hinder the complete
recovery of the element. Also the treatment of samples with hydrochloric or
hydrofluoric acids (HCl or HF) can affect the accuracy of the measurements.

Sulfates and nitrates generally decompose to the corresponding element
oxide plus sulfur and nitrogen oxides. The element oxides are then reduced to
elemental species onto the graphite surface of the furnace and vaporized dur-
ing the atomization step. The chemical treatment of samples, nitric acid
(HNO3) and sulfuric acid (H,SO,4) should be preferred to HCl and HF. Oxides
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are usually as thermally stable as the corresponding element. Oxide species rep-
resent the ideal source of atomic vapors during the atomization step.

The risk of element loss during the thermal treatment preceding the atom-
ization step is particularly evident for volatile elements, i.e., elements with boil-
ing temperature below 1,500°C. The element can be lost as atomic vapor before
the measurement occurs or, more frequently, as volatile molecular species dur-
ing the decomposition/pyrolysis step. In particular, chlorides of volatile elements
also show low boiling points. In the presence of an excess of chloride in the
matrix, for instance, due to sample treatment with hydrochloric acid, the analyte
can be lost via vaporization before the atomization/measurement takes place.

Matrix modifiers are currently employed to overcome element loss during
the thermal steps preceding the atomization. The aim is to “trap” the volatile
element into species stable at high temperature without element release. Some
modifiers are developed for specific elements and matrices; others can be con-
sidered “fit-for-all-purposes.” For instance, lead and magnesium added at micro-
gram levels can allow the complete recovery of elements like cadmium, zinc,
lead, arsenic, and selenium.

Spectral interference can be caused by the presence of specific molecular
species, generally di- and triatomic molecules, or by the presence of a continuum
nonspecific absorption during the atomization step. These species show absorp-
tion spectra constituted by a series of bands located in the whole ultraviolet
range. For most of diatomic molecules, the most relevant molecular absorption
occurs at short wavelengths (below 250 nm). For instance, sulfur species such as
CS, SO, and SO, show intense absorption in the range of 190 to 250 nm. Quite
often, the evolution of these species during the atomization step occurs very
quickly. The elements affected by the appearance of molecular absorption are
those having analytical lines at short wavelengths, like cadmium, lead, arsenic,
antimony, and selenium. The higher the wavelength of the analytical lines, the
lower the risk of presence of molecular species interfering during the atomiza-
tion step. This is the case with manganese, aluminum, copper, and chromium.

Continuum absorption is caused by the evolution of decomposition residues
from the sample matrix and from particle scattering. The evolution affects the
whole absorption range involved in GFAAS analysis. A typical example is given by
the evolution of by-products formed during the pyrolysis of petroleum products.

In the graphite furnace, pyrolysis of petroleum products such as crude oil
occurs from about 350°C and continues up to 900 to 1,000°C [7]. The concen-
tration of these products in the tube is related to the type of sample. Fuel and
residual oils (especially those with high density and high carbon/hydrogen
ratio) exhibit an intense absorption because most of the by-products form at
high temperature, whereas products from gasoline to diesel fuel show a limited
residual evolution during the atomization step.

INSTRUMENTAL CONDITIONS

Correction of Nonspecific Absorption

The presence of molecular species during the atomization step can interfere
with the absorption measurement. The correction of nonspecific absorption
due to the presence of molecular species or scattering can be performed using
a deuterium lamp or using the Zeeman effect. Deuterium correction is effective
when molecular absorption is constant within the slit width. In structured
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absorption bands, the deuterium approach fails to distinguish correctly atomic
from total absorption.

The Zeeman effect occurs when a magnetic field is applied to atomic
vapors. The effect is the splitting of atomic absorption or emission lines into a
series of polarized n and ¢ components with a shift from the original fre-
quency proportional to the magnetic field applied (higher shift for ¢ compo-
nents). The = component is usually employed to measure total absorption; c
components are used to measure the nonspecific absorption. The measurement
of nonspecific absorption is quite accurate because it occurs at very short dis-
tance from the analytical line.

The number of © and 6 components may vary according to the element and
the radiation (transition) involved. For instance, the sodium line at 589.6 nm orig-
inates two © and two 6 components, while the line at 589.0 originates two © and
four o components. In the specific case of alkaline-earth elements, only one © and
only two ¢ components of the resonance lines are originated (see Rossi chapter
in reference 3 for a detailed description of Zeeman effect). The magnetic field
can be applied to the radiation source (lamp) or to the atomizer, the latter case
being adopted in commercial instruments.

The determination of trace elements is affected by molecular absorption based
on the wavelength of the analytical line. Chromium, copper, and vanadium are less
prone to spectral interferences than elements like cadmium, zinc, and arsenic
because their analytical lines are located above 300 nm. For the former elements,
a deuterium-based correction can be effective in removing nonspecific absorption.
For analytical lines at short wavelengths, the use of Zeeman-corrected absorption
is recommended unless molecular absorption of matrix components is negligible.

PROCEDURES

FAAS instrumental conditions and procedures have been developed during the
years. As a result, “cookbooks” for GFAAS are available as well. Table 1 lists
some hints that can be useful to perform GFAAS measurements.

Wavelength
As already mentioned, the same wavelengths are used for FAAS and GFAAS
(see Table 2 of Chapter 22).

Pyrolysis and Atomization Temperature

The temperatures can vary from furnace to furnace depending on tube size
and shape. Refer to the instrument “cookbook” to identify the correct thermal
conditions of each element.

Calibration

As for FAAS, the linear dynamic range of GFAAS is very limited (only one order
of magnitude). The calibration in GFAAS is performed in the same way as in
FAAS. There are, however, some differences between the two techniques. In
GFAAS, a transient atomization occurs, with a profile that follows the formation
and disappearance of the atomic species. The shape of the atomization peak is
affected by the thermal properties of the element. Peak profiles of volatile ele-
ments show almost symmetrical behavior, and peak profiles of low volatile/
refractory elements show evident tailing. As a consequence, the peak area of
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TABLE 1—Practical Hints for GFAAS Measurements

Sample injection

Verify the cleanliness of the pipet tip. Thorough cleaning with the
solvent used for sample dilution, when automatic sampler is used.

Verify the complete dispensing of aliquot.

Sample injection

Verify the uniform loading of the aliquot in the tube. Aqueous solu-
tions form a droplet located in the injection site; organic solutions
spread along the wall or platform.

The same behavior should be observed for standards and samples.

Matrix modifier

Loaded on the same surface of the sample for maximum efficiency.

Drying The drying should proceed without sample spattering till the end of
temperature the step.

Pyrolysis Maximum temperature without loss of atomic vapors. Slightly
temperature increase the temperature in case of excessive evolution of molecular

vapors during the atomization step.

Atomization
temperature

Minimum temperature to enable complete atomization in order to
increase tube life. Slightly modify the temperature to reduce overlap-
ping with nonspecific absorption.

The fastest heating rate to avoid excessive peak broadening.

Furnace cleaning

Required when decomposition products are still present in the tube.

Graphite Verify cleanliness of the contacts to ensure full transmission of
contacts power.

Furnace Inspection and cleaning to remove dirt and decomposition products
windows (a major contribution to poor precision).

Furnace cooling

Check water flow to avoid excessive heating of the furnace.

Gas flow

Check symmetric flow when tubes wear unevenly (effect on peak
shape).

Characteristic
mass

Verify to evaluate the correct performance of the system.

Atomic
absorption

Verify the shape of peak profile that can be affected by the fast
appearance of nonspecific absorption.

Poor accuracy of
measurements

Verify that the behavior of pyrolysis and atomization temperature
are equivalent for standards and samples.

transient atomization must be measured, and not the peak height. When peak tail-
ing is present, it is possible to increase the atomization time to get the full atom-
ization of the analyte. As a discrete volume of sample is vaporized in each cycle,
the calibration can be expressed as a function of mass versus peak absorbance.

Sample Analysis

GFAAS offers a distinct advantage over FAAS. The sample volume can be
optimized for analysis according to the element concentration. When the



162 SPECTROSCOPIC ANALYSIS OF PETROLEUM PRODUCTS AND LUBRICANTS

concentration falls outside the calibration range, the sample volume can be
decreased. When the element concentration is too low, a higher volume can
be injected. In the latter case, it is necessary to check that higher volumes do not
alter the atomization process (excessive background absorption, incomplete sam-
ple decomposition, tailing of the atomization peak). Modern instruments provide
automatic correction for the sample volume.

Detection Limit

Detection limits for GFAAS are reported in Chapter 22 (Table 2). However, as dif-
ferent injected volumes can be set in GFAAS (higher volume — lower detection
limit), it is necessary to indicate the volume used to determine the detection limit.
The “characteristic mass” is used in GFAAS to evaluate the sensitivity of the meas-
urements. The characteristic mass is the mass of element corresponding to
0.0044 absorbance (1 % absorption). This mass is not really associated with the
detection limit, because the detection limit is derived from the signal to noise
ratio and gives an indication about the precision of the measurement, whereas
the characteristic mass shows the sensitivity of the measurement and is a good
indicator of the instrumental performance. The characteristic mass of each ele-
ment is reported in the cookbooks as a reference.

Autosampler

The use of an autosampler to inject sample aliquots into the furnace represents a
substantial improvement in measurement precision over manual introduction. Fur-
thermore, computer-programmed autosamplers can perform a variety of functions,
such as sample dilution, calibration, matrix modifier addition, and analyte addition.

Solvents

Solvents used in GFAAS do not differ from those employed in FAAS. Xylene is
often used for fuel and residual oils because of its excellent power to dissolve
asphaltenes, and methyl isobutyl ketone (MIBK) is more suitable for dilution of
lubricating oils. Specific temperatures are set in the drying step to remove quantita-
tively each type of solvent. Each solvent, however, shows specific behavior toward
the graphite surface of the tube, such as wetting and reactions with carbon [8].

Standard Reference Materials

Standard reference materials (SRMs) of petroleum products with element con-
tent at the micrograms per kilogram level are not readily available for GFAAS
use. This is due to the poor stability of petroleum products when the content
of the trace element is very low. To overcome this problem, SRMs with higher
element concentration are used after dilution to reach the usual working range
of GFAAS. A typical example is given by standard reference fuel oils, with ele-
ment concentration suitable for FAAS, but used in GFAAS after (multiple) dilu-
tion. Although this approach introduces additional variability, it represents the
only way to check GFAAS analytical results for accuracy.

APPLICATIONS

Products

The analysis of volatile elements, lead, for example, can be handled by the use
of a matrix modifier capable of trapping the trace element and releasing it only
at high temperature, when the petroleum product is removed from the tube.
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Gasoline and Diesel Fuel

Several papers have been published on light fractions analysis with the aim of
avoiding element loss [9] or improving the stability of sample solutions. Con-
cerning the latter case, extensive studies have been carried out to stabilize the
sample solutions by the preparation of emulsions [10-12]. The behavior of the
emulsions is very similar to that of aqueous solutions. Hence, the calibration
can be performed using aqueous standards. The emulsions can be prepared
easily and are very stable.

Fuel Oils and Vacuum Distillates

Nickel and vanadium are the elements commonly analyzed in these products.
FAAS shows sufficient sensitivity when nickel and vanadium content is greater
than 5 mg/kg. For specific products, when the content is lower than the range
of an FAAS method, GFAAS can be employed down to very low element con-
centrations. In this case, there are some aspects to consider that affect an accu-
rate determination of the element. For instance, care must be taken to ensure
the complete atomization of nickel and vanadium.

Waxy distillates can be analyzed for nickel, vanadium, copper, iron content,
as well as any other crude fraction, when the content of these elements is too low
for FAAS.

In general, although copper and iron do not pose particular problems, nickel
and vanadium show a tendency to be “trapped” in decomposition products of
asphaltenes during the pyrolysis step, with possible formation of the correspond-
ing carbides. These carbides are very stable and decompose at very high tempera-
ture, barely attainable by graphite furnaces. As an example of this behavior, Fig. 1
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Ref [13]).
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shows the pyrolysis and atomization of nickel in a fuel oil with nickel content of
about 1 mg/kg, diluted with xylene.

The pyrolysis curve ((J) shows that the release of nickel atoms proceeds to
very high temperature, as the element is trapped in pyrolysis products with for-
mation of the very stable carbide (full line curves). Consequently, the evolution of
nickel atoms (A) increases slowly but steadily by increasing the atomization tem-
perature. This behavior indicates that the direct determination of nickel, but also
that of vanadium, is hindered by some incomplete atomization of the element.
The tailing of the peak profile is very evident, even at maximum temperature.

Pyrolysis and atomization curves are quite different from those obtained
with aqueous solutions. In aqueous solution, the atomization occurs by decom-
position of the oxide formed during the pyrolysis step. Adding an intermediate
ashing step at about 500°C, with a low flow of air to oxidize and remove the
pyrolysis products, allows the restoration of conditions similar to those found
in aqueous solution, with complete atomization of nickel (dotted line curves).
However, using an ashing step with air as alternative internal gas should be
performed under careful control of the graphite tube, to avoid an excessive oxi-
dation of the furnace.

Lubricating Oils

Wear elements in lubricating oils can be handled after dilution with an appro-
priate solvent (usually MIBK). The sample can be analyzed before and after fil-
tration, to measure the presence of a dissolved or suspended element.

Biofuels
The use of GFAAS for biofuel analysis is related to the properties defined in
technical specifications. Some elements in biodiesel (sodium, potassium, mag-
nesium, calcium) are measured by FAAS because the specification limits are
quite high and can be handled by this technique. Phosphorus is measured by
ICP-AES because GFAAS does not show adequate sensitivity for this element.

Ethanol is analyzed for sulfur, phosphorus, and copper content. Also in this
case, the phosphorus limit is too low to handle this element, which can be deter-
mined by ICP-AES. Copper can be determined by GFAAS, but also by ICP-AES,
because the technique can exploit its great sensitivity for this element. The proce-
dure for copper analysis is similar to that developed for jet fuel analysis, i.e.,
direct determination without dilution.

Table 2 summarizes a list of papers on petroleum products and lubricants
by GFAAS. Further references can be found in the publications listed in the table.

Standard Test Methods
The number of GFAAS standard test methods is still quite limited. Despite the
wide availability of GFAAS instruments, there is a general feeling, at least in
petroleum products analysis, that the possible loss of volatile elements in the
vaporization step affects the accuracy of the procedure. Nevertheless, GFAAS is
employed in many laboratories as a useful procedure for in-house methods.
ISO 8691:1994, Petroleum products — Low levels of vanadium in liquid
fuels — Determination by flameless atomic absorption spectrometry after ashing.
This test method requires the ashing of the oil sample, followed by ash dis-
solution and vanadium determination in aqueous medium. The procedure is
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TABLE 2—References for Trace Element Analysis of
Crude Oils and Petroleum Products

Product Elements and References

Gasoline Antimony, arsenic, selenium [12]

Arsenic, lead [14]

Cadmium, chromium, copper, lead, nickel [15]

Cobalt, iron, manganese, zinc [19]

Copper, iron, lead, nickel [11]

Lead, nickel [16]

Molybdenum, vanadium [17]

Naphtha Nickel, vanadium [18]

Diesel fuel Cadmium, chromium, copper, lead, nickel [15]

Cobalt, iron, manganese, zinc [19]

Lead, nickel [16]

Vanadium [20]

Kerosine Antimony, arsenic, selenium [12]

Cadmium, lead [10]

Organic solutions Cadmium, lead [21]

Petroleum Copper, iron, vanadium [22]
Nickel [23]

Crude oil Vanadium [24]

Crude oil fractions Lead [9]

Heavy ends Nickel [13]
Asphaltene Vanadium [20]
Lubricating oil Antimony, tin [25]

time consuming, unless batches of samples are treated at the same time. Possi-
ble contamination can occur during the sample treatment.

ASTM D7632-02, Standard Test Method for Determination of Copper in Jet
Fuels by Graphite Furnace Atomic Absorption Spectrometry.

IP 478/02 Determination of copper in aviation turbine fuels by graphite fur-
nace atomic absorption spectrometry.

ASTM D7632 and IP 478 are equivalent. Both methods enable the direct
determination of copper with satisfactory precision at the concentrations
required by the technical specifications.
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EN 15488:2007, Ethanol as a blending component for petrol — Determina-
tion of copper content — Graphite Furnace atomic absorption method.

EN 15488 has been developed by CEN for ethanol analysis using IP 478 as
the source. As for IP 478, ethanol is analyzed directly, in this case after a cali-
bration in ethanol. The main difference EN 15488 and D7632 or IP 478 deals
with is the drying step of the thermal program, because ethanol is very volatile
and it is quite difficult to dose onto the graphite platform with adequate
repeatability.

As already mentioned, EN 15837:2009, Ethanol as a blending component
for petrol - Determination of phosphorus, copper and sulfur content - Induc-
tively coupled plasma optical emission spectrometric direct method shows
slightly better precision than EN 15488, but allows the contemporaneous deter-
mination of all elements listed in ethanol specification EN 15376.

It is quite surprising that the “emulsion” approach, which shows clear
advantages as far as sample preparation and stability are concerned, has not
yet been developed as an international standard test method.

TRENDS AND DEVELOPMENTS

Although not strictly related to petroleum products analysis, it is useful to note
that GFAAS shows a greater capacity to handle solids and slurries, in compari-
son to FAAS and ICP, because the thermal treatment can be extended to enable
the full decomposition of the solid sample or of the slurry [26]. The complete
recovery of the element in slurry analysis is affected by the species and element
type in the slurry sample. Treating the slurry with diluted nitric acid enables
the extraction of several trace elements. Then, the slurry analysis becomes the
analysis of a trace element in the presence of high content of solid particles
(see Tittarelli chapter in Ref [3]).

The capability of handling a large variety of samples is also exploited in the
coupling of a graphite furnace to ICP or ICP-MS. In this coupling, the furnace
behaves as an electrothermal vaporizer (ETV) to originate vapor species that
are detected by ICP or ICP-MS. Hence, the electrothermal vaporizer is consid-
ered a “tool” for ICP-MS measurements. The ETV enables also some sort of
“thermal” resolution, i.e., the selective vaporization of elements according to
their thermal properties [27].

As already mentioned in describing GFAAS applications, two major aspects
hinder the extensive use of GFAAS for standard test methods. One aspect is
related to the possible loss of volatile elements. Although using matrix modifiers,
coupled with graphite platform atomization and Zeeman correction of nonspe-
cific absorption, shows good results in handling this problem, the risk of element
loss still represents a sort of “shadow” for GFAAS. Various approaches, not con-
nected to the use of modifiers, have been proposed to overcome this problem.

The filter furnace, developed by Katskov [28,29], shows accurate results
when volatile elements are analyzed [20,30], including gasoline and diesel sam-
ples [15,19]. In the filter furnace, the sample is loaded onto a collector made of
carbon fiber, the fiber is heated by the graphite tube, and the sample vapors
are forced to flow to a porous graphite filter. The atomic species are detected
in an environment almost free from molecular species (Fig. 2). The technique
shows fast heating cycles, treatment of large sample sizes, and very low nonspe-
cific absorption. However, filter furnaces are not available commercially yet.
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Fig. 2—Transverse heated filter furnace: A) tube, B) filter, C) collector (from Ref [19]).

For accurate measurements in the presence of interfering atomic or molecu-
lar species, new instruments have recently been introduced. Based on high reso-
lution AA spectrometers, these instruments employ a continuum light source
(xenon) and a high-resolution dispersing system with an echelle monochromator
[31]. Using a solid-state detector, it is possible to follow the atomization process
within a range of about 4 nm. This approach is very useful in method develop-
ment, because it enables the identification and quantification of atomic and
molecular lines overlapping the analytical line, especially when trace elements
are analyzed in the presence of high concentration of salts. The technique has
been applied successfully to the analysis of petroleum products [23,24].

CONCLUSIONS

Although a mature, perhaps aged technique, GFAAS is still used widely for
ultra-trace analysis. The continuous interest in such technique is also demon-
strated by numerous GFAAS applications presented in symposia and conferen-
ces [32].

The perspectives for the development of GFAAS standard test methods
regard the determination of trace elements when a few elements are analyzed,
when a limited working range is needed, and when element loss can be
ignored, because of the thermal stability of the element or the use of specific
matrix modifiers. Conventional GFAAS is less appealing in comparison to ICP-
AES or ICP-MS when these requirements are not fulfilled.
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INTRODUCTION

One of the most important advantages of inductively coupled plasma atomic
emission spectrometry (ICP-AES) is that it can analyze aqueous and organic sol-
utions. This makes it an ideal technique for the petroleum/petrochemical indus-
try, which generates a wide variety of aqueous and organic sample types. With
proper solvent selection, the heavy end of the barrel as well as the light frac-
tions of crude, and crude oil itself, can be analyzed. ICP-AES has been a well-
established technique in the petroleum analysis laboratory since the 1970s. The
author’s laboratory at ExxonMobil (then Exxon Research and Engineering
Company) in Baytown, Texas, ordered one of the first commercial ICP-AES
instruments and took delivery in early 1976. This Jarrell-Ash (now Thermo
Fisher Scientific, Inc.) direct-reading arc spectrometer fitted with an ICP source
was the first ICP-AES installed in the petroleum industry. It served us well for
nearly 25 years [1].

From the early 1990s onward, ICP-AES has been reinforced with inductively
coupled plasma mass spectrometry (ICP-MS). Now both techniques serve side by
side in many petroleum industry laboratories, including the author’s own. Table 1
references some milestones in the development of ICP-AES and ICP-MS for
organic solutions. One of the first organic solvents used for ICP-AES, mixed
xylenes, is still widely used today. Petroleum/petrochemical applications of ICP
depend on the use of organic solvents for dissolution of many samples. The first
part of this work focuses on solvent selection and instrumentation for organic
ICP-AES.

ORGANIC ICP-AES: SOLVENT SELECTION

Organic ICP-AES permits the analysis of petroleum crudes and fractions by
direct aspiration of samples diluted in appropriate solvents or in “neat” form.
Lengthy dry ashing or sulfated ashing procedures are avoided, along with
losses and contamination from destructive sample preparations. Solvent dilu-
tions are easy to automate for high throughput analysis. There are disadvan-
tages that can be minimized. Instrument setup and return to aqueous service
can be inconvenient. There is a loss in sensitivity when samples are diluted.
Spectral and matrix interferences particular to the organic matrix may exert
influence on the results if they are not addressed.

! Analytical Services Laboratory, ExxonMobil Refining and Supply, Baytown, Texas
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TABLE 1—Miilestones in Organic ICP Analysis

e First direct ICP analysis of oil diluted in gasoline by Pforr and Aribot in 1970 [2]
e Early work on USAF jet lubes in Fassel’s laboratory, 1976 [3]

e Xylene plasma started in author’s laboratory, mid-1976

¢ Organic ICP becomes routine in Petrochemical industry, 1977-84 [4-6]

e Organic liquid chromatography ICP-AES, 1981 [7]

e Organic aerosols and ICP effects studied, 1980-87 [8-13]

e Ar-O, organic ICP-MS with xylene solvent, 1986 [14]
L]
L]
L]

Air-ICP-AES used for analysis of organic solvents, 1986 [15]
Ar-O, ICP-AES with ultrasonic nebulizer for volatile liquids, 1991 [16-18]
Universal calibration for organic ICP-AES achieved with ultrasonic
nebulizer/membrane desolvator, 1996 [19]

e Ar-O; ICP-MS with direct injection nebulization, 1996 [20-24]

e Ar-O, ICP-MS and ICP-AES with low flow nebulization, 2001 [25]

e Organic ICP-MS with collision/reaction cell technology [26]

“Like dissolves like” is the common wisdom of solvent selection. The sol-
vent must solubilize the entire sample, if possible, and form stable solutions.
Petroleum samples consist of varying amounts of saturates (paraffins, isoparaf-
fins), olefins, aromatics, and “polars” or asphaltenes (molecules typically con-
taining atoms such as oxygen, sulfur, halogens, or nitrogen in addition to
carbon and hydrogen). Polars tend to concentrate in the high molecular weight
fractions of crude oils along with metals. The polarity of each of these compo-
nents of crude oil is different. Solutes and solvents should have similar polarity
to form the most stable solutions. Normal paraffins, for example, would not be
good solvents for crudes containing significant amounts of polars. Aging and
oxidation of oils can increase the polar fraction leading to solvent incompatibil-
ity. Lube oil additives can be significantly more polar than basestock because
of functional groups. Decomposition products in used lubes can be highly
polar (e.g., organic acids). Solvent polarity index (Table 2) is a convenient way
to predict solute/solvent compatibility.

Not all solvents are practical for ICP-AES. If a solvent is too volatile, it will
tend to overload the plasma with vapor and destabilize or even extinguish it.
Solventlimiting aspiration rate (millilitres per minute) can be defined as the maxi-
mum rate of sample introduction into a medium-power argon ICP (1.2 to 1.8
kW) through a conventional pneumatic nebulizer (such as a concentric or cross
flow) with a sustainable plasma. As expected, solventlimiting aspiration rate is a
strong function of boiling point, as shown in Table 3. Kreuning and Maessen [13]
studied solvent plasma loading as a function of solvent saturation vapor pressure.
Out of that study general guidelines were developed to predict solvent tolerance
of the ICP with pneumatic nebulization: alkanes and cycloalkanes with carbon
number greater than 8, aromatics with more than 7 carbons, all alcohols except
methanol, all chlorohydrocarbons except CH3Cl, ketones with more than 3 car-
bons, esters with more than 2 carbons, and ethers with more than 4 carbons.

In addition, solvent volatility affects the physical characteristics of the aerosol
introduced into the ICP. Table 4 shows the relationship between saturation vapor
pressure and the minimum percent aerosol component of the total mass of sol-
vent reaching the ICP. With highly volatile solvents, the stream reaching the
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TABLE 2—Solvent Polarity Index: A Scale
for Relative Polarity

Index
Solvent Value | Typical Solutes
heptane 0.1 Paraffin wax
octane, decane
isoparaffins White spirit
kerosine
cyclohexane 0.2 Petroleum distillates
decalin
carbon tetrachloride 1.6
toluene 24
o-xylene 2.5 Automotive lubes
benzene 2.7
1,2,3,4-tetrahydro-
naphthalene
chlorobenzene 2.7 Crudes
nitrobenzene
ethyl ether 2.8
dichloromethane 3.1 Petroleum resids
2-propanol (IPA) 4.0
tetrahydrofuran 4.0 Coal liquids
trichloromethane 4.1 Shale oils
(chloroform)
4-methyl-2-pentanone 4.2
(MIBK)
ethyl acetate 4.4 Jet engine lubes
1,4-dioxane 438 Hydraulic fluids
2-butanone (MEK) 4.8
acetone 5.1
methanol 5.1
pyridine 5.3 Coal liquid distillation

“bottoms”

dimethyl sulfoxide (DMSO) | 7.2
water 10.2
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TABLE 3—Solvent B. P. and Limiting Aspiration

Rate®

B. P, Limiting Aspiration
Solvent Degrees C | Rate (ml/min)
ethyl ether 35 <0.1
dichloromethane 40 2.0
acetone 56 0.1
trichloromethane (chloroform) 61 3.0
methanol 65 0.1
tetrahydrofuran 65 <0.1
ethyl acetate 77 1.5
2-butanone (MEK) 80
benzene 80 <0.1
cyclohexane 81 <0.1
2-propanol (IPA) 82 3.0
heptane 98 0.2
water 100
1,4-dioxane 101
toluene 11 1.0
pyridine 116 1.0
4-methyl-2-pentanone (MIBK) 117 3.0
carbon tetrachloride 121 <5.0
octane 125 0.5
chlorobenzene 132 3.0
p-xylene 138 4.0
m-xylene 139 4.0
o-xylene 144 4.0
decane 174 2.0
decahydronaphthalene 186
dimethyl sulfoxide (DMSO) 189 2.0
1,2,3,4-tetrahydronaphthalene 207
nitrobenzene 211 >5.0

2 Data from Ref [9]
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TABLE 4—Saturation Vapor Pressure
and Aerosol Contribution®

Psat (Mm Hg), | Minimum

Solvent 20 Degrees C % Aerosol
ethyl ether 435 3
trichloromethane 155 4

(chloroform)

methanol 93.3 31
carbon 86.7 8
tetrachloride

cyclohexane 77.8 10
n-heptane 35.5 19
toluene 21.7 23
water 17.5 66
m-xylene 6.10 55

2 Data from Ref [13]

plasma is mostly vapor, containing little liquid in the form of aerosol droplets.
Aerosols created by volatile solvents evaporate in the spray chamber/conditioning
chamber after exiting the nebulizer. Aerosol droplet size may decrease significantly
within fractions of a second [9]. Smaller droplets are more likely to be carried into
the ICP rather than to be eliminated by the walls or baffles of the spray chamber.
Thus solvent volatility can affect sample transport efficiency into the ICP, explain-
ing signal enhancements observed for organic over aqueous solutions.

Other solvent physical properties such as density, viscosity, and interfacial
tension affect sample transport efficiency and, thus, sensitivity. The following
empirical equation was developed by Nukiyama and Tanasawa to express the
Sauter (volume to surface area ratio) mean droplet diameter of “primary” aero-
sol particles created by pneumatic nebulization [9]:

Primary median droplet diameter, (Sauter) um
=585/V(o/p)"* +597[n/(c * p)"*]"
[103*QL/QG]1‘5 (1)

where:

V = linear velocity of gas flow in m/s,

o = interfacial tension in dynes/cm,

p = liquid density in g/cm?,

1 = liquid viscosity in poise,

Qr, Qg = volume flow rates of liquid and gas (cm’/s).

The equation was developed for a particular nebulizer and is not valid for
general application. It illustrates, however, the qualitative effect of variations in
the solution physical properties. Particle size will vary in proportion to interfacial
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tension and viscosity, and inversely proportional to density. Larger particle sizes
tend to translate to lower transport efficiency and sensitivity, so higher interfa-
cial tension, viscosity, and density all work against high sensitivity.

Solvents selected for ICP analysis must be free of metal contaminants and
available in bulk quantities. They must not attack the components of the sam-
ple introduction system. Low toxicity solvents are preferred. Those with irritat-
ing odors (like pyridine) may not be acceptable. Solvents having a definite
composition are to be preferred over variable mixtures, for example, p-xylene
versus mixed xylenes. Solvents most commonly used for organic solution ICP
analysis include xylenes, methyl isobutyl ketone (MIBK), 2-propanol, kerosine,
2,2,4-trimethylpentane (isooctane), and 1,2,3,4-tetrahydronaphthalene (tetralin).
Oxygenated solvents like MIBK are often blended with hydrocarbons to
increase the solvent polarity index. Tetralin is a particularly useful solvent for
petroleum ICP and it warrants a special discussion.

ORGANIC ICP-AES: INSTRUMENTATION

Sample Introduction System

The sample introduction system for organic ICP-AES typically consists of a pumping

device, a nebulizer attached to a spray chamber (with or without a conditioning

apparatus), connected to the injection tube of the ICP torch. The pumping device
may draw from an automatic sample changer. Peristaltic pumps are most com-
monly used, but piston drive (high pressure liquid chromatography [HPLC] type)
pumps, syringe drive pumps, and gas displacement pumps are sometimes used. Sam-
ple pumping is needed to minimize self-aspiration rate changes due to varying solu-
tion physical parameters. Peristaltic pump tubing must be solvent resistant. Viton™
type rubber tubing is best for most organic solvents. Transfer tubing must be polyeth-
ylene or fluorocarbon. To minimize pulsations, using ten or more rollers in the
pump head is best. Making a “Y” tube from two pieces of pump tubing and using
two pump channels to pump a single stream will also decrease pulsations. Multi-
stream pumps can be used with switching valves to alternately introduce sample and
blank or check standards. Flow injection equipment may take the place of the pump.

Table 5 shows the effect of using a peristaltic pump on the precision and
accuracy of an analysis of heavy fuel oil diluted 10, 20, and 50 times in tetralin.

Results from the three dilutions are much tighter and more accurate with the

pump. For solvents that attack Viton™ gas, displacement pumping can be used.

A gas displacement pump uses pumped air to displace sample from a dispens-

ing vessel, as shown in Fig. 1.

Pneumatic nebulizers are normally used for organic ICP. Here are the most

popular types [27]:

Cross-flow type—gas and sample streams impact at a 90 degree angle.

e Glass concentric—liquid stream emerges surrounded by supersonic gas jet.

e Babington or “V” groove type—nonclogging type is best for samples con-
taining particles.

* Burgener parallel path—resistant to particle clogging as sample capillary
widens where it approaches orifice and gas stream.

e Low flow or micro—excellent for limiting sample aspiration rate (10 to 500
pl/min) but easily clogged by particles. They are self aspirating because
peristaltic pump tubing is not available for lowest flow rates. A miniatur-
ized version of the concentric nebulizer is available.
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TABLE 5—Analysis of NIST Fuel Oil 1634 With (W) and Without
(W/0) a Peristaltic Pump (ug/g)

Dilution = 10 | Dilution = 20 | Dilution = 50 | % RSD
Element | W/O | W w/0 |wW w/o | W w/o | W NIST Cert.
Fe 133 [ 134 | 1441 13.8 [ 15.2 | 147 |55 39 | 135 +/-1.0
Ni 326 |345 |362 |[341 |409 |385 |93 56 |36 +/—4
Y, 285 292 305 298 326 310 5.5 25 | 320 +/-15
Mn 0.12 |0.10 |0.12 |0.1 (0.11) | (0.13) | - - (0.12)
Zn 0.67 | 035 |1.06 |0.31 2.15 | (0.42) | 48 13 0.23 +/— 0.05

Ultrasonic nebulizers (USN) are easily applied to organic ICP provided des-
olvation (flash heating and condensation of the aerosol) is employed to remove
solvent load to the plasma (Fig. 2). USNs are highly efficient (approximately
30 % versus 3 % for conventional pneumatic nebulizers). Even aqueous aspira-
tion can extinguish an ICP without the desolvation step. Desolvation will
remove volatile metal species that condense with the solvent vapor. Direct
injection nebulizers use very low flow rates to form an aerosol at the base of
the ICP. They are ideal for interfacing a liquid chromatograph with the ICP.
Because they do not require desolvation, there is no loss of volatile element
species. Heated nebulizers have been constructed for introducing waxes and
heavy oils without dilution or fouling.

Spray chambers of various designs are available to condition the aerosol
before injection into the ICP. Large droplets that would cause signal instability
are removed by impaction or settling in the spray chamber, and the aerosol
may be conditioned at a temperature advantageous for the analysis. The most
common spray chamber designs in use are the Scott type (cylindrical tube
within a cylindrical body) and the cyclonic type. An advantage of the cyclonic

Fig. 1—Gas displacement pump for solvents that attack Viton™.
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coolant out

desolvated aerosol

to plasma
heated tube
. aerosol
heat sink gas inlet chamber
sample inlet
transducer

drain

Fig. 2—Ultrasonic nebulizer (USN) with desolvation (heated tube for flash evaporation and
condenser unit).

type is the possibility of a very small interior volume for fast washout and mini-
mum memory effects. Spray chamber thermostatting, even if at room tempera-
ture, is generally recommended for increased long-term calibration stability. It
compensates for evaporative cooling from aerosol production and for changes
in room temperature. A chilled spray chamber is useful for minimizing solvent
loading of the ICP. The temperature must be adjustable for various solvents
because some freeze at moderate temperatures (p-xylene, for example: 14°C). A
heated spray chamber can be used for organic ICP to partially desolvate the
aerosol stream. It must be followed by a condensor apparatus to collect vapor-
ized solvent.

The waste from organic ICP analysis must be handled safely to prevent oper-
ator exposure and accidental ignition. The author has used a carboy fitted with a
side outlet connected to another vessel and equilibrated with the laboratory
atmosphere through a charcoal filter. The carboy is filled with water up to the
level of the outlet. Organic solvent waste is allowed to flow in underneath the
water and float up and out the outlet to be collected in the smaller vessel for dis-
posal. Small snorkeltype fume hoods are useful to remove sample vapors from
the sample introduction/sample handling area at the ICP instrument.

ICP torches may be one piece or demountable. For organic ICP, the
demountable torch is preferred because of ease of replacement of the injector
tube if it is fouled with carbon deposits. Orifice tip diameter may be a critical
parameter for good operability. One millimetre injector tips are generally rec-
ommended for organics, but it is advisable to try more than one size.

Using oxygen is highly recommended for organic ICP. It helps prevent car-
bon deposits on torch parts, reduces spectral emission background from molec-
ular carbon species, and may permit higher ICP vapor loading [28]. Oxygen
can be blended with the auxiliary argon flow or the main coolant argon flow.
The flow rate required is low (0 to 100 mL/min), so a micrometer valve or
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sensitive control device is needed. The argon and oxygen streams should be
premixed in a buffer bottle upstream of the ICP torch. Commercial systems for
oxygen mixing are available for most ICP instruments. Mass flow controllers
are also recommended for the nebulizer (aerosol carrier) argon and auxiliary
argon streams.

Spectrometer Considerations

Flexible line selection and background correction are highly desirable for organic
solution ICP-AES. Line selection should be optimized for organic solution analy-
sis. Alternate lines for aqueous solution analysis should be provided for elements
where there is a distinct difference in sensitivity or dynamic range. Alkali ele-
ments (atomic lines) typically have a decreased sensitivity in the organic matrix
due to the higher plasma power used for these solutions. Unfortunately, alternate
line selection is limited for alkalis. Detector array systems present the best combi-
nation of speed and versatility for organic ICP-AES. Certain instrument manufac-
turers produce ICP-AES systems designed for organic solution analysis with line
selection optimized as well.

The axial and radial ICP view options are both useful in organic ICP-AES.
Table 6 shows detection limits obtained for solutions of 90 % tetralin/10 % p-
xylene for a number of elements, and a few alternate lines using both axial and
radial observation with various oxygen flow settings. In general, the best detection
limits are obtained with axial viewing, even for UV lines. Radial viewing is not
bad and may yield superior dynamic range performance particularly with high
concentrations of alkalis and alkaline earths. The use of oxygen is recommended
as noted above. However, it degrades the sensitivity of measurements in the
deeper UV (<220 nm, affecting, e.g.,, arsenic and phosphorus). The deeper into
the UV, the greater the signal suppression effect from oxygen becomes. Axial ver-
sus radial performance with respect to precision for the same sample matrix is
shown in Table 7. Optimum sensitivity and precision are linked for most ele-
ments as expected, but for sodium the best sensitivity is obtained with axial view-
ing and the best precision with radial viewing. Optimized viewing and oxygen
conditions are likely to produce the best results, as shown in Table 8. Although it
may be inconvenient to adjust oxygen flow rate and recalibrate during a single
analysis run, it is usually easy or even automatic to switch between axial and
radial viewing if both are offered with the ICP-AES instrument.

ICP-AES ANALYSIS PROCEDURE FOR ORGANIC SOLUTIONS
Instrument Setup and Operating Conditions

Setting aside a nebulizer and spray chamber for organic solutions is recom-
mended. If the same sample introduction system must be used for aqueous and
organic solutions, a rinse with 2-propanol has been used effectively as a go-
between. The oxygen flow usually must be off when starting the plasma. The
torch is usually mounted 1 to 2 mm lower for organic ICP to accommodate the
higher power. Typical operating conditions for organic ICP are given in Table 9.
The plasma is started and aerosol is introduced slowly and carefully. The oxy-
gen flow is then adjusted to eliminate the “green” (common appearance as
viewed through a glass filter) carbon emission from the base and sheathing the
plasma. The aerosol carrier (nebulizer) flow is then adjusted to bring the top of
the “bullet” of carbon emission 5 to 10 mm above the top of the load coil.
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TABLE 8—ICP-AES Analysis of NIST Heavy Fuel Oil 1634B

1:20 dilutions in 90% tetralin/10% p-xylene (ug/g)
Axial View Axial View
Wavelength | (sigma)* (sigma)* Preferred NIST

Element nm 0O, = 40 mi/min | No O, Conditions | Certified
Na 589.5 56.5 (0.95) 58.6 (0.79) 56.5 (90)
\ 311.0 52.1 (0.35) 55.1 (0.37) 55.1 554 +/-1.1
Mn 257.6 0.173 (0.01) 0.140 (0.006) | 0.173 0.23 +/-0.03
Fe 259.9 17.7 (0.07) 17.3 (0.05) 17.7 316 +/- 2.0
Ni 231.6 27.4 (0.16) 26.9 (0.16) 27.4 28 +/—-2
Zn 206.2 2.93 (0.12) 2.66 (0.019) | 2.66 3.0 +/-0.2
As 189.0 0.22 (0.28) 0.09 (0.12) 0.09 0.12 +/- 0.02
Pb 220.3 1.65 (0.27) 1.83 (0.21) 1.83 (2.8)
* Four replicate determinations

TABLE 9—Typical ICP-AES Operating Conditions:
For Organic Solutions

RF Power:

1.5-1.8 kW Forward, 2-10 W Reflected

Flow Rates:

Ar Outer 16-24 |/min

Ar Intermediate 0-2 I/min
Oxygen Outer 25-75 ml/min
Ar Aerosol 600-900 ml/min
Sample 1-3 ml/min

Observation Zone:

5-8 mm above the tip of the “bullet”

Optimization/Calibration

Calibration standards for organic ICP consist of oil-soluble metals in solution.
They are available from several commercial sources as well as the National
Institute of Standards and Technology (NIST). Standards from other sources
are usually traceable to NIST. Calibration solutions should contain equivalent
concentrations of oil (the same concentration as sample dilutions if possible)
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in the appropriate solvent. Internal standard elements, if used, are also
included. Metalfree base oil is often used for matrix matching and is available
from commercial sources. Certain metal-organic compounds used as standards
may have very limited solubility and stability when diluted in certain solvents.

Some manufacturers also recommend including a stabilizer when prepar-
ing dilute metal-organic standards. The stability of diluted organic solution
standards should be investigated for quality assurance, and working standards
should be prepared fresh prior to use. A complete set of calibration standards
will include a calibration blank, one or more “high” standards containing all
elements of interest at “high” concentration, solutions of elements at “upper
limit” concentrations to test calibration linearity, single high purity element sol-
utions for spectral interference evaluation, and optical alignment and optimiza-
tion solutions, if needed.

Using an atom/ion line intensity ratio as a reference greatly assists in
reproducing optimum analysis conditions on a day-to-day basis. An atom line
(I) with a wavelength > 250 nm is paired with an ion line (II) with wavelength
< 300 nm. Examples are Cu (I) 325 nm/Mn (II) 258 nm or Mg (I) 285 nm/Mg
(I1) 280 nm. The latter ratio has been used to ensure that the plasma is “robust”
enough to minimize matrix interferences [29]. A minimum value can be set
(a minimum ratio of 10.0 is used for aqueous systems) that will also serve for
organic ICP. The atom/ion intensity ratio is usually adjusted by making minor
changes in the aerosol carrier flow rate. To determine optimum conditions
for a particular application, determine detection limits or other figures of merit
as a function of the atom/ion intensity ratio and select the best value. Deter-
mine a two-sigma tolerance precision for the selected value and set a minimum
intensity specification (counts) for the atom line. Before every calibration, set
the atom/ion intensity ratio at the preselected value. Three consecutive meas-
urements must fall within the tolerance range and meet the minimum intensity
specification. The atom/ion intensity ratio thus defines the “compromise” condi-
tions for multielement analysis and provides a means to reproduce them after
making changes [30,31].

Spectral interference calibration can be performed after the atom/ion
intensity ratio has been set. Calibrate the instrument for all of the elements of
interest and analyze high-purity single-element reference solutions for each ele-
ment. Compile a list of interelement correction factors after making sure that
trace contaminants in the reference solutions are not masquerading as spectral
interferences. Enter the verified interelement correction factors into software.
It has been shown that using the atom/ion intensity reference for reproducing
analysis conditions will greatly improve the long-term stability of interference
calibrations [32].

Analysis Procedure

Once the atom/ion intensity ratio has been set and the ICP-AES calibrated, the
analysis of samples diluted in the appropriate solvent can proceed. Samples
should be “matrix matched” with the calibration reference solutions containing
approximately the same amount of oil and solvent. It is important to ensure
that the samples are completely dissolved before analysis, and that solutions
are free of particulates that could clog the sample introduction equipment.
Sample analyses should be interspersed with analyses of the calibration blank.
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The blank analyses serve two purposes—to verify that sample concentrations
have been washed out to background levels and to permit corrections for back-
ground drift. If concentrations are not sufficiently washed out, an additional
blank analysis may be performed. A “check” standard containing all the ele-
ments in the analytical program at concentrations within their respective cali-
bration ranges should be analyzed after every six to twelve samples to check
for calibration drift. If results fall outside specified limits, the atom/ion inten-
sity ratio should be checked and reset if necessary. Often this is all that is
needed to re-establish an accurate calibration. If resetting the atom/ion inten-
sity ratio has not brought all of the elements back into their respective calibra-
tion limits, the ICP-AES should be recalibrated. Alternately, if calibration drift is
minor, mathematical correction may be an option.

INTERFERENCES IN ORGANIC ICP-AES

Spectral Interferences

Potential spectral interferences in organic ICP arise from increased background
from carbon particle emission and molecular band emission from carbon, CN,
OH, and other species created in the plasma from sample decomposition and
reaction with entrained air, in addition to the atomic emission of carbon and
other elements in the samples. The organic ICP is highly structured, with carbon
emission concentrated in the “bullet” surrounded by a zone of high-intensity
atomic emission and sheathed by an exterior zone containing emission from CN
and other molecules [33]. Using oxygen minimizes the effects of carbon particle,
carbon, and other molecular emission. Spectral resolution, the judicious choice
of analytical lines, and background wavelengths also work toward minimizing
spectral and background effects [34]. Of course the organic ICP exhibits the same
atomic spectral line and wing overlaps as the aqueous ICP if interfering element
combinations are present in the plasma.

Organic Matrix Interferences

Potential matrix interferences in the organic ICP arise from energy changes in
the plasma (thermochemical effects) or differences in analyte transport effi-
ciency (physical effects). Thermochemical effects are usually due to changes in
organic mass loading of the ICP due to sample volatility, or to changes in the
chemical composition of the samples. Physical effects are usually related to var-
iations in solute concentration or physical properties or both. In general, a mis-
match between samples and standards translates as matrix interference.
Internal standards (IS) are most commonly used to minimize matrix interfer-
ences. They add, however, to the complexity of the analysis procedure and are
not 100 % effective. Rigorous matching of samples and standards is the gener-
ally accepted protocol with or without IS.

The author performed a study aimed at identifying the source of organic
matrix interferences and finding a way to prevent or minimize them by using a
better choice of dilution solvent without resorting to internal standards [12].
Xylene was chosen as the baseline solvent for comparison. The results of the
study revealed that thermochemistry can be a dominant cause of matrix inter-
ference, particularly in the analysis of xylene solutions. Xylene atomization con-
sumes 10 to 20 % of the total plasma power under typical operating conditions.
When an oil sample is diluted in xylene, it alters the bulk composition of the
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solution as well as its physical properties. Solutions having higher hydrogen/car-
bon ratios have higher excitation energies and consume additional plasma power.
Variations in plasma power consumption of a few watts may influence analyte
excitation significantly. Tetralin was identified as a superior choice of solvent
because it consumes significantly less power from the plasma. Consequently, the
tetralin plasma runs hotter than the xylene plasma, even with the increased
plasma power normally employed for organic solutions. Thus, the effect of a few
watts of change is less in the tetralin plasma. Chilling the spray chamber is an
effective means of minimizing matrix interference and improving operability for
volatile samples. A chilled spray chamber may not improve the matrix interfer-
ence situation for heavy petroleum samples diluted in xylene.

Tetralin is a superior solvent for ICP analysis of lubricating oils, middle
distillates, and heavy fuel oils. It is more effective in solubilizing polar materi-
als in residual oils than kerosine, for example. The power of tetralin to reduce
or eliminate matrix interferences is shown by comparing Figs. 3 and 4. Here
ICP-AES analyses of six elements at identical concentrations in solutions also
containing 2.0, 5.0, 10.0 and 20.0 % of a lubricating oil base (75 Neutral) in
xylene (Fig. 3) and tetralin (Fig. 4) were performed using xylene or tetralin
calibration standards containing negligible oil. Spectral lines of the elements
were chosen to encompass a range of excitation energies from “soft” or low
energy (silver and copper) through medium energy (calcium and titanium) to
“hard” or high energy (cadmium and zinc) lines. The wide spread of results
observed for the xylene solutions (Fig. 3) illustrates strong matrix interference
and large potential for error. The lack of deviation for the tetralin solutions
(Fig. 4) demonstrates the virtual elimination of the matrix interferences for
these solute concentrations. As a result, the analysis of heavy oils in tetralin
may be performed accurately without an internal standard and without pre-
cise solute concentration matching (Table 10). A subsequent study using con-
ventional and low flow torches also demonstrated the superiority of tetralin
over xylene [35].
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Wisely chosen IS can compensate for residual matrix effects as well as for
variations in the sample introduction system. Thus precision and accuracy of
the results can be improved. However, poorly chosen IS can create more errors
than they compensate for. More than one IS would be required to compensate
for the matrix effects affecting the six elements in Fig. 3, for example. The opti-
mum choice of IS is one that is closely matched in excitation characteristics
with the analyte. Multielement analysis will usually require more than one IS.
Match ion (II) line IS with ion line of analyte and match the sum of the excita-
tion energies [36]. Match atom (I) line IS with atom line of analyte by excita-
tion energies. Atom and ion lines of a single element may serve as two IS [37].

PETROLEUM ANALYSIS BY ORGANIC ICP-AES
ICP Methods for the Petroleum Industry — Role of ASTM
Numerous ICP analysis methods exist for petroleum and petrochemical prod-
ucts that are not accessible to the world at large. Each petrochemical company
has its own compendium of proprietary methods for analysis of their products.
ASTM Committee D02 has performed a service to the analytical community by
encouraging the publication of methods that otherwise might never see the
light of day. A list of current ASTM methods under D02 for petroleum products
and lubricants using ICP-AES is given in Table 11. Nadkarni has reviewed many
ASTM methods related to fuels and lubricants, including ICP-AES methods [38].
ASTM D7260 presents a very useful overview of ICP-AES analysis strategy for
obtaining accurate and precise results for petroleum products and lubricants
using solvent dilution and sample digestion for analysis as aqueous solutions
[39]. Analysis equipment capabilities, wavelength selection, background correc-
tion, spectral line overlap, and matrix interferences are discussed. It is recom-
mended that the analyst consult this publication before setting up an ASTM ICP
petrochemical application. The method is a compendium of recommendations
based on recent work in the industry compiled by ASTM Committee D02. The
writing of ASTM methods for ICP-AES has lagged the industry implementation of
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TABLE 11—ICP-AES Methods under ASTM D02 Committee
(Petroleum Products and Lubricants)

e D4951, STM Determination of Additive Elements in Lubricating Oils by Inductively
Coupled Plasma Atomic Emission Spectrometry

e D5184, STM Determination of Aluminum and Silicon in Fuel Oils by Ashing, Fusion,
Inductively Coupled Plasma Atomic Emission Spectrometry, and Atomic Absorption
Spectrometry

e D5185, STM Determination of Additive Elements, Wear Metals, and Contaminants in
Used Lubricating Oils and Determination of Selected Elements in Base Oils by Induc-
tively Coupled Plasma Atomic Emission Spectrometry (ICP-AES)

e D5600, STM Trace Metals in Petroleum Coke by Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AES)

e D5708, STM Determination of Nickel, Vanadium, and Iron in Crude Oils and Residual
Fuels by Inductively Coupled Plasma (ICP) Atomic Emission Spectrometry

e D7040, STM Determination of Low Levels of Phosphorus in ILSAC GF 4 and Similar
Grade Engine Oils by Inductively Coupled Plasma Atomic Emission Spectrometry

e D7111, STM Determination of Trace Elements in Middle Distillate Fuels by Inductively
Coupled Plasma Atomic Emission Spectrometry (ICP-AES)

e D7151 (D27, Insulating Liq) Determination of Elements in Insulating Oils by Induc-
tively Coupled Plasma Atomic Emission Spectrometry (ICP-AES)

e D7260, Standard Practice for Optimization, Calibration, and Validation of Inductively
Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) for Elemental Analysis of
Petroleum Products and Lubricants

these techniques by 15 to 20 years [40]. As a result, the ASTM methods that are
now in use draw on two decades of laboratory experience.

Analysis of New and Used Lubricating Oils

The analysis of additive elements in new lubricating oils by direct solvent dilu-
tion is one of the earliest applications of ICP-AES in the petroleum industry
[5,6,41]. Our laboratory attempted to set up this analysis in 1976—indeed our
instrument purchase was justified on the basis of improved analysis of lubes
from our lube compounding plant. The analysis could not be made to be suffi-
ciently accurate or convenient at that time because of severe matrix interfer-
ences and the inconvenience of switching between the aqueous and organic
plasma. In time, advances in methodology, including the use of internal stand-
ards that were eventually incorporated into the industry standard ASTM D4951
[42], overcame these difficulties and served to promote the use of ICP in the
petroleum industry.

Using ASTM D4951-06, additive elements such as boron, calcium, copper,
magnesium, phosphorus, and zinc are determined by dilution of the lube oil in
mixed xylenes, o-xylene, or kerosine with the required addition of an internal
standard element such as cobalt, cadmium, or yttrium. Matrix interferences
arising from the presence of viscosity index (VI) improvers in the lube oils can
cause results to be in error by as much as 20 % [43]. VI improvers are long-
chain, oil-soluble polymers that help maintain a desirable viscosity range of the
lube oil over a wide range of engine operating temperatures. The polymers usu-
ally incorporate dispersant functionality as well. These specially engineered
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molecules are product specific. Oils containing different and varying concentra-
tions of VI improvers will differ significantly in physical properties, resulting in
matrix-induced errors. Differences in sample dilution and mismatch between
samples and calibration standards also contribute to bias. Use of the internal
standard element and appropriate and consistent sample dilution (approxi-
mately 20 to 100 or 1 to 5 mass % sample is recommended [43]), together with
the matching concentrations of base oil in the calibration standards, yields
accurate and precise results. ASTM D7040, Standard Test Method for Determi-
nation of Low Levels of Phosphorous in ILSAC GF 4 and Similar Grade Engine
Oils by Inductively Coupled Plasma Atomic Emission Spectrometry, requires an
internal standard and a peristaltic pump for sample introduction to minimize
matrix effects [44]. Phosphorus is an additive in these types of automotive
lubes, but is also a potential catalyst poison in the automobile exhaust systems.
The dilution solvents specified in ASTM D7040 are the same as for ASTM
D4951.

The analysis of used lubes for wear metals by ICP-AES presents all of the
challenges of variable oil matrix and physical properties of the new lubes and
adds another, even more difficult challenge—particles. Wear metals from engine
components are typically present, mainly as particles in used lubes. The particle
size range can be less than a micrometre to several tens of micrometres. The ICP
cannot efficiently atomize particles larger than a few micrometres. Larger par-
ticles also tend to settle out of the aerosol before they reach the plasma [45,46].
Unfortunately, it is these larger wear-metal particles that are the harbingers of
catastrophic engine wear and the ones of greatest interest, particularly for air-
craft [47]. ASTM method D5185 recognizes the limitations of ICP-AES in the
determination of wear metals in used lubes [48], but responds to the automobile
industry’s need for a rapid survey technique that is focused on routine mainte-
nance and not on predicting catastrophic engine failure. For automobile “engine
trend analysis” predicting component failure, the method of choice is still
rotating electrode spark emission because it can detect the larger wear par-
ticles [47].

ASTM D5185 combines the determination of lube additive elements, wear
elements, and oil contaminants such as might occur from a cooling system leak
into one 22-element method. Care is taken to homogenize the sample immedi-
ately before analysis using ultrasonication or vortex mixing. The sample is then
diluted by a factor of ten in xylenes or other suitable solvent and introduced
into the ICP through a peristaltic pump to minimize viscosity effects. The use
of an internal standard is declared to be optional. A nebulizer designed to
accommodate particles such as a Babington-type is specified. Wear-metals anal-
ysis programs often generate large numbers of samples, and the method lends
itself to being fully automated using robotic sample preparation [49].

A “particle size independent” method has been developed for a total metals
analysis of the used lubes and hydraulic (synthetic ester based) fluids for air-
craft or other critical or heavy duty use engines [47,50]. A small quantity of a
mixture of acids is used to dissolve the particles, and the aqueous digest is
homogenized with the oil and diluted in the solvent for introduction into the
ICP. Thus the particle size independent methods for used oils represent a cross
between organic and aqueous sample introduction strategies. The methods
have been used successfully to predict aircraft engine malfunction for the U.S.
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Air Force [47,51]. An additional novelty in used oil analysis is the introduction
of the samples without solvent dilution using a heated Babington nebulizer and
inverted spray chamber and ICP torch [52].

Analysis of Middle-Distillate Fuels and Other

Petroleum Products by Organic ICP

ASTM D7111 is a general method for determination of metals in middle distil-
late fuels (turbine diesel, marine and naval fuels) using direct dilution in kero-
sine with an internal standard element (yttrium is recommended) to correct
for minor matrix effects [53]. Contaminants in turbine fuels can cause corro-
sion and fouling of engine parts. Metals contained in particulates may or may
not be determined, depending on particle size. A Babington-type nebulizer is
specified. It is noted that elements present in volatile species such as silicon
will generate results higher than the true value.

Electrical insulating oils are similar to lighter lube oils in terms of base
stock properties. Because of the rigorous purity needed to obtain the desired
electrical properties, the additives used are different and their levels typically
quite low. Contaminants in insulating oils can cause insulation performance
breakdown and reflect problems in the equipment. ASTM D7151 uses direct
dilution in kerosine with an internal standard element to determine contami-
nant elements in insulating oils [54]. As with turbine fuels and used motor
lubes, particulates may be present and may or may not be reflected in the
results. Sample filtration may be used to produce a “dissolved metals” result,
and digestion of the particulates may be used to determine “total metals.”

ICP-AES ANALYSIS OF CRUDE OILS AND RESIDUAL FUELS

Refined heavy oils represent the residuum from crude oil distillation—the
“bottoms” or “resids” from the atmospheric or vacuum pipestill. Other heavy
oils may result from polymeric reactions in high-temperature processing. The
ultimate is solid petroleum coke. Heavy crude oils may be processed directly
from wells or thermal/extraction processes. Refined heavy oils may be reproc-
essed in the refinery to lighter materials, or they may end up as products such
as asphalt, petroleum coke, heavy fuel oil, or wax. Heavy oils may contain up
to percent levels of nickel and vanadium in stable relict porphyrin structures.
Asphaltenes (pentane insolubles) in heavy oils contribute to high levels of polar
compounds containing sulfur, nitrogen, and oxygen. Resids may contain crude
contaminants such as salts, corrosion products, or oil field additives. Some ther-
mal polymers and cracking residuals contain catalyst fines. Heavy crude oils
often contain an emulsified aqueous phase (brine) as well as entrained solids.
They may also contain oil field additives, corrosion products, heavy waxes, and
formation clay.

The overall challenge in the ICP analysis of heavy oils is to accurately char-
acterize (without contamination or loss) a representative sample of a poten-
tially heterogeneous semisolid or solid hydrocarbon type material that might
be multiphase and contain high levels of polar components. Direct dilution is
the approach often considered first because it involves the least amount of
effort. The significant problems associated with the direct analysis of crude
oils and residual fuels by ICP-AES are matrix effects resulting from the widely
different physical properties of the samples and the limited solubility of polar
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components. Matrix effects can be minimized through the judicious use of
internal standards and peristaltic pumping as noted previously. Using tetralin
as a solvent helps solubilize polar components. Brenner et al. published a
method based on the use of scandium as an internal standard, tetralin as the
solvent, a V-groove (high solids) nebulizer, and a fast sequential ICP-AES [55]. It
was concluded that accurate results could be obtained with 1:10 dilutions using
a two-point calibration despite the wide range of vanadium and iron levels
encountered in the samples. Even with solutions containing 35 % heavy oil,
measured intensities were decreased by only 10 to 20 %. ASTM D5708 Test
Method A for direct determination of nickel, iron, and vanadium in crude oils
and residual fuels by organic ICP recommends the high solids nebulizer, 1:10
solvent dilution, and tetralin among the recommended solvents [56]. No inter-
nal standard is required, consistent with recommendations of the author’s
study [12].

Choice of Sample Preparation Technique

Many heavy oil samples require some form of destructive sample preparation
for complete solubilization. Available sample preparation techniques include
the industry classic “sulfated ashing,” high-temperature dry ashing, microwave
digestion, various open and contained wet digestions, ash fusion, and Soxhlet
extraction [57]. Sulfated ashing involves the complete destruction of all of the
organic material, with dissolution of the inorganic residue using sulfuric acid
as an ashing aid to tie up potentially volatile metals (e.g., cadmium, lead,
sodium) as relatively involatile sulfates. A low sample dilution is possible. Sul-
fated ashing is time consuming, however, and sample contamination is possi-
ble. Highly volatile species (e.g., mercury, antimony, selenium) are lost in the
furnace ashing step. A typical procedure mixes 20 g of sample with 5 mL of
concentrated sulfuric acid in an open quartz beaker while coking the mixture
on a “high” hot plate in a fume hood. The residue after acid fumes have disap-
peared is ashed in a muffle furnace at 540°C. Afterward, the residue is
taken up with dilute acids. If aluminum and silicon are to be determined and
volatile species are not a concern, the sample can be “dry ashed” (without addi-
tion of sulfuric acid) at high temperature and the ash digested in an acid
mixture containing hydrogen fluoride or fused with lithium tetraborate or a
similar salt [58].

Microwave digestion uses mineral acids, heat, and optionally pressure for
complete destruction of the organic material. An enclosed system under pres-
sure minimizes losses of volatile species, and the procedure is relatively fast
and convenient. The procedure is limited to small sample sizes (usually less
than 0.3 g), however, if pressure digestion vessels are to be used. High sample
dilution and potential contamination from the vessels are drawbacks for trace
analysis of heavy oils. A typical procedure digests 0.2 to 0.25 g of sample in a
capped quartz vial also containing 4 mL of concentrated nitric acid and 1 mL
of 35 % hydrogen peroxide. The vial is sealed inside a fluorocarbon pressure
digestion vessel also containing 10 mL of water and 2 mL of 35 % hydrogen
peroxide in the bottom. The digestion program takes the temperature of the
vessel contents to 220°C in 30 minutes and holds it at that temperature for
another 30 minutes. The reagents used need to be of the highest purity
available.
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TABLE 12—ICP-AES Lower Limits (three sigma) for
Heavy Oils (ug/g)
Sulfated Ashing | Microwave Digestion | Tetralin Dilution
Element Dilution = 2.5 Dilution = 200 Dilution = 20
Ca 0.07 6 0.4
Cu 0.04 4 0.1
Fe 0.002 0.2 0.04
Mg 0.002 0.2 0.004
Na 0.1 8 1
Ni 0.004 0.4 0.4
\% 0.03 3 0.2

The author’s methods for calibration and analysis of aqueous solutions by
ICP-AES have been published [30-32, 34]. Matrix-related effects are present in
aqueous ICP just as they are in organic ICP. Mineral acid content of samples
and standards must be carefully matched to avoid “acid matrix effects.” Differ-
ences in dissolved solids content can also cause matrix interferences. Multiple
internal standards are often required to correct for differences in acid and dis-
solved solids content. The author has demonstrated that it is possible to correct
for these effects without using internal standards by using a hydrogen emission
line at 486.133 nm (H-beta) [59].

Comparisons between direct dilution, sulfated ashing, and microwave diges-
tion for ICP analysis of heavy oils conducted in the author’s laboratory gener-
ally favor the classic sulfated ashing technique as the most sensitive and
reliable method for all elements except those that are partially lost [60]. Direct
dilution fails to include particulates, and microwave digestion is compromised
by high dilution and reagent/vessel contamination. Table 12 shows lower limits
for several key elements using the three sample preparation methods. The
time-consuming sulfated ashing method is clearly the most sensitive. Table 13
shows the analysis precision achieved with ten replicate tetralin dilutions of
NIST 1634c and ten replicate dilutions of a sample of refined heavy oil (deas-
phalted oil). The deasphalted oil was also spiked, and the recoveries and preci-
sion are also shown in the table. Sodium determinations in the NIST material
are very imprecise (23 % RSD) compared to the precision of the deasphalted
oil spikes (4.3 % RSD). This is probably due to the presence of sodium-bearing
particulates in the NIST material.

Heavy oils containing solids can foul ICP sample introduction equipment
and render direct dilution methods inaccurate or worse. Procedures for separa-
tion of “toluene insolubles” similar to ASTM D893 [61] for liquid heavy oils or
ASTM D4072 [62] for tar and pitch can be used to separate solids from heavy
crudes and residual oils that cannot be filtered or centrifuged without solvent
dilution. The heavy oil solutions and recovered solids may be analyzed sepa-
rately. Sulfated ashing can be employed as a “total” analysis. Thus the element
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TABLE 13—ICP-AES Analysis of Heavy Oil by Tetralin
Dilution
10 replicate dilutions (Dilution = 20)

Ni (ug/9) V (ug/g) Na (ug/g)
NIST Residual Fuel Oil 1634c
Mean 17.9 27.6 23.2
Sigma 0.96 1.0 5.2
% RSD 5.4 3.7 23
NIST Certified value | 17.54 +/— 0.21 | 28.19 +/— 0.40 | (Approx. 37)
Deasphalted oil (100 ug/g spike)
Mean 7.67 (104) 16.3 (107) <3 (88)
Sigma 0.09 (3.6) 0.15 (5.3) (3.8)
% RSD 1.1 (3.4) 0.95 (5.0) 4.3)
% Spike Recovery 96 91 88

distribution between the solids and the oil can be examined. It often reflects
the chemistry of the crude, as illustrated in Table 14.

Heavy oils can be analyzed by ICP as oil/water emulsions. Crude oils are
often microemulsions in nature containing a small quantity of brine intimately
mixed with the oil. Oil-in-water microemulsions containing a low percentage of
oil can be prepared that are stable and resemble “aqueous” type samples hav-
ing a nearly transparent appearance. All involve combining oil plus or minus
matrix modifier with surfactant and water [63]. Acids can be incorporated into
the mix to dissolve wear metals and other particles.

ICP-AES versus ICP-MS for Analysis of Heavy Oils

ICP-MS is becoming increasingly more integrated into petroleum/petrochemical
industry laboratories as the technique matures. ICP-MS is particularly promising
for ultratrace analysis of heavy oils and crudes [64]. For the foreseeable future,
ICP-AES will continue to be the workhorse for nickel, vanadium, and the other
more abundant elements in oils, however [65]. The greater sensitivity of ICP-MS
should permit the determination of lower concentrations in heavy oils prepared
by sulfated ashing and direct dilutions. Quadrupole ICP-MS instruments without
collision/reaction cells will display interferences from carbon, hydrogen, nitro-
gen, and oxygen molecular species in the m/e 24 to 54 range particularly. Even
so, high sensitivity is realized in the higher mass range for elements like mercury
and lead. Adding a collision/reaction cell or interface greatly improves ICP-MS
performance in the low mass range, rendering the technique useful for virtually
the entire periodic table [26]. ICP-AES and ICP-MS will complement one another
in any case and can be used as a cross check for many elements. Fig. 5 com-
pares detection limits for ICP-AES with ICP-MS with and without a collision inter-
face. The superior performance of the collision interface technology is evident.
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TABLE 14—Element Distribution in
Heavy Crude

Distribution between oil (toluene) and solids (toluene
insolubles) reflects element species chemistry

Results from heavy crude samples: Crude 1 - low
naphthenic acids, Crude 2 - high naphthenic acids

% in Solids % in Toluene
Element (Crude 1,2) (Crude 1,2)
Ca 100, 6 0,94
K 95, 100 50
As 61, 100 39,0
Zn 14, 52 86, 48
Ni 1,1 99, 99

Fig. 6 compares results from ICP-AES (sulfated ashing) with results from direct
analysis of the same crude sample using tetralin dilution ICP-MS with and with-
out a collision interface. Higher results by ICP-AES (arsenic, molybdenum, tin,
lead) may be due to the presence of particulates containing the elements. High
results by ICP-MS without the collision interface (vanadium, iron) are probably
due to molecular ion interferences.

ASTM ICP Methods for Grease, Fuel Oils, and Petroleum Coke

Lubricating greases are complex and challenging materials to analyze. Com-
mercial greases may contain thickening agents (clays and lithium soaps with
boron-complexing agent), together with rust inhibitors, antiwear additives (such
as zinc dithiophosphate), extreme pressure additives (bismuth, molybdenum,
lead), and contaminants [66]. Used greases contain all of these plus wear met-
als acquired from the machinery. The components of grease, together with the
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Fig. 5—ICP-AES and ICP-MS three sigma detection limits in tetralin.
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Fig. 6—Results from ICP-AES sulfated ashing versus ICP-MS (tetralin dilution) for heavy
crude samples.

contaminants, are all contained in a matrix of heavy oil. Unfortunately, there is
no common solvent that will dissolve all the components of grease. Therefore,
destructive sample preparation is required for ICP analysis. Fox published a
detailed study of sample preparation methodology for the ICP analysis of petro-
leum grease [67]. His study concluded that closed-vessel microwave digestion
using 0.1-g samples and nitric acid is the method most likely to produce solu-
tions containing complete recovery of the elemental components. ASTM
D7303, the standard test method for determination of metals in lubricating
greases by ICP-AES, allows the analyst to choose between sulfated ashing and
closed vessel microwave digestion [68].

ASTM D5184 is the standard for the determination of aluminum and sili-
con in fuel oils using ICP-AES [69]. These elements are derived from catalyst
“fines” entrained in the oil during processing and can contribute to engine
wear. The method is based on dry ashing the sample in a muffle furnace at
550°C and fusing the ash with a mixture of 90 % lithium tetraborate and 10 %
lithium fluoride flux at 925°C. The ashing and fusion are performed in a plati-
num dish, and the fusion pellet containing the ash is dissolved in a mixture of
dilute tartaric acid and hydrochloric acid for final analysis. The ICP-AES deter-
minations are made with blanks and standards matched to the sample solu-
tions with respect to content of flux and acids.

The standard test method for petroleum coke, ASTM D5600, also uses the
technique of ash fusion to solubilize the residue from ashing the coke [70]. Petro-
leum coke is rather refractory and must be ashed at the relatively high furnace
temperature of 700°C. Coke samples are ashed in platinum dishes, and the
resultant ash is fused with pure lithium tetraborate at 1000°C. The cooled fusion
pellet is dissolved into dilute hydrochloric acid and the ICP-AES measurements
are made with matrix-matched blanks and standards as with ASTM D5184.

ICP-AES ANALYSIS OF VOLATILE NAPHTHAS

AND PETROCHEMICALS

Naphthas represent the most volatile liquid petroleum fraction (C4C;s hydro-
carbons, boiling point range 15° to 221°C). Trace metals in naphthas are of
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critical importance in refining/chemicals production. For example, reforming
catalysts are vulnerable to being poisoned by various elements in naphtha
feeds. Volatile hydrocarbons are challenging materials to analyze by ICP. They
overload the plasma with vapor, tending to extinguish it. At a minimum, they
cause exceptionally high molecular background emission degrading sensitivity.
Two basic approaches are used to accommodate volatile hydrocarbons in the
common low-power ICP. The first approach is to remove the hydrocarbon
matrix as much as possible while retaining the analyte elements. The second
approach is to use very low sample introduction rates to minimize the influ-
ence of the volatile hydrocarbons on the ICP. The author has explored both
approaches with substantial success.

Analysis of Volatile Hydrocarbons using the Ultrasonic Nebulizer

Volatile hydrocarbons may be vaporized and condensed at moderate tempera-
tures. Therefore, one method of removal involves using flash evaporation and
condensation in the desolvation section of a USN. The USN makes the direct
analysis of many volatile hydrocarbons and solvents by ICP-AES practical. The
USN desolvator (Fig. 2) removes the bulk of the organic vapor (approximately
90 % of C4-C;¢ hydrocarbons). Oxygen may be added to the nebulizer gas flow
to further reduce the influence of the remaining organic vapor on the spectral
background. Using the USN, it is possible to introduce hydrocarbons such as
toluene directly into the ICP with flow rates approximately equivalent to aque-
ous. The detection limits achieved are approximately equivalent to aqueous
USN detection limits (3 to 10 times better than pneumatic nebulization) [17].
Thus the “ultrasonic advantage” may be extended from aqueous samples to cer-
tain organic solvents and hydrocarbons.

Analyzing highly volatile solvents or hydrocarbons requires a second stage
of desolvation. A microporous membrane added to the outlet of the USN con-
densor has been used to further remove the residual solvent vapor and boost
the overall efficiency of the desolvation to 99 % or greater. Fig. 7 shows the
overall USN microporous membrane desolvator (USN-MMD) system. With an
80-cm MMD, liquids as volatile as hexanes and heptanes (b.p. 66° to 98°C)
could be analyzed directly [18]. Using a 140-cm membrane (commercialized
version), pentanes (b.p. 35° to 36°C) could be aspirated directly into the ICP
through the USN-MMD [19]. Typical operating conditions for the 140-mm MMD
are shown in Table 15. The reduction in background emission and improve-
ment in sensitivity with the MMD is shown using the nickel line at 231.60 nm
as an example (Fig. 8). A comparison of detection limits achieved for various
elements in hexanes, pentanes, and water (Fig. 9) clearly demonstrates that the
“ultrasonic advantage” has been extended to highly volatile hydrocarbons using
the USN-MMD sample introduction system.

Virtually complete matrix removal for ICP sample introduction available
with the USN-MMD makes “universal calibration” practical. Universal calibra-
tion is a single analytical calibration valid for multiple solvent systems and
sample types. It is ideal for nonroutine environments where sample matrix
types vary in an unpredictable manner. The requirements for universal cali-
bration are:

e Constant volumetric sample flow (pumped)
e Negligible matrix effects due to residual solvent loading
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Fig. 7—Ultrasonic nebulizer (USN) with desolvation and microporous membrane.

*  Nebulization efficiencies of the solvents/samples relative to the calibration
standard must be known or measured.

With the USN-MMD, universal calibration should be achievable for virtually
all organic liquids. There is no volatility limitation because heavier liquids may
be diluted into lighter solvents. Table 16 shows an analysis of hexanes, pen-
tanes, toluene, and gasoline spiked with 1 pg/mL of 19 elements referenced to
1 pg/mL of the elements in hexanes. The 11 % positive bias for pentanes rela-
tive to hexanes is no doubt due to a higher nebulization efficiency, which could
not be measured easily. Approximately the same amount of negative bias was
observed for the toluene results, and a measured nebulization efficiency for tol-
uene of 90.6 % relative to hexanes is in good agreement with that observation.
Elements using spectral lines in the UV exhibit a particular suppression, prob-
ably due to absorbance from residual aromatic structures in the tail flame of
the plasma or the gas envelope surrounding it. The mean and percent RSD val-
ues in parentheses exclude these elements. Gasoline exhibits behavior similar
to toluene but with a slightly lower nebulization efficiency (about 86 % relative
to hexanes). Clearly, correcting for differences in nebulization efficiency using
an internal standard would result in accurate analyses for most elements in
these four sample matrices. Results from an analysis of gasoline spiked at 20
ng/mL (raw and corrected for nebulization efficiency) and calibrated using hex-
anes are shown in Table 17. Detection limits calculated from ten replicates are
in the sub-nanogram per millilitre range for many elements.
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TABLE 15—Typical Operating Conditions:
For 140 mm MMD/USN/ICP-AES

RF Power:

1.5-1.6 kW Forward, <2 W Reflected, Automatic Control

Flow Rates:

Ar Outer 16 I/min

Ar Intermediate 1 I/min

Ar Aerosol 700 ml/min
Oxygen Outer 40-60 ml/min
MMD Sweep Ar In 1.1-1.3 I/min
MMD Ar/Solvent Out Maximum
Sample Introduction 1.5-2.0 ml/min
Temperature Settings:

USN Desolvator 140 degrees C
USN Chiller —8 degrees C
Membrane Heater 160 degrees C

A significant limitation of the USN with or without the MMD is that the
desolvation function efficiently removes volatile element species such as tet-
raethyllead (TEL) along with the organic matrix [71]. To determine TEL in
gasoline, it is necessary to convert the lead to an involatile (inorganic) form
for introduction into the ICP. Gasoline samples diluted in toluene may be
reacted with a 1 % solution of elemental bromine in chloroform (1 mL per
80 g of sample solution). The bromine solution is added and allowed
to stand 1 minute before adding 0.5 g of a commercial metal organic solu-
tion stabilizer (such as Conostan), which discharges the excess bromine.
Blanks and standards are prepared in a similar manner. Results for TEL
in various aviation fuels analyzed using USN ICP-AES compared well with
X-ray fluorescence [17].

Analysis of Volatile Hydrocarbons using Low Flow Nebulization

Low flow rate nebulizers represent an alternative to desolvation for limiting the
amount of organic material that reaches the ICP. With sample flow rates of
about a few microlitres to a few tens of microlitres per minute, the plasma may
be sustained even with very volatile hydrocarbons, and volatile analytes such as
compounds of arsenic, selenium, silicon, and mercury may be retained. Two
major types of low flow nebulizers, direct injection (DIN and direct injection
high efficiency [DIHEN]) and pneumatic (PFA or microconcentric type), are in
common use. The DIN is inherently delicate and technically challenging to
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TABLE 16—Analysis of Four Organic Liquids Containing 1 ug/ml
of Various Elements—1500W Power, Calibrated Using Hexanes

Element Hexanes Pentanes Toluene Gasoline
Ag 1.00 1.01 0.93 0.84

Al 1.00 1.07 0.90 0.84

As* 1.00 1.16 0.80 0.71

Ba 1.00 1.19 0.83 0.89

Ca 1.00 1.17 0.88 0.88

cd 1.00 0.98 0.92 0.81

Cr* 1.00 1.16 0.79 0.81

Cu 1.00 1.1 0.88 0.83

Fe 1.00 1.16 0.84 0.89

Mg 1.00 1.17 0.83 0.89

Mn 1.00 1.15 0.84 0.88
Mo* 1.00 1.17 0.79 0.79

Na 1.00 1.1 0.93 0.87

Ni 1.00 1.16 0.83 0.89

Pb 1.00 1.05 0.89 0.82

Si 1.00 1.02 0.90 0.81

Sn* 1.00 1.13 0.76 0.69

\Y 1.00 1.15 0.83 0.89

Zn 1.00 0.98 0.90 0.80
MEAN 1.00 1.1 0.86 (0.88) 0.83 (0.86)
% RSD - 6.3 6.0 (4.4) 7.1 (4.1)
NEB. EFF. 1.00 - 0.906 -
MEASURED

MATRIX EFF. NONE NONE (?) UV (<210 nm) UV (<210 nm)
* UV LINE

operate. Excellent results may be obtained, however, with a well-tuned DIN. The
author has operated DIN systems for several years with ICP-AES and ICP-MS
[24]. DIN ICP-AES suffers from high spectral background due to the organic
sample load. For arsenic, selenium, and phosphorus, three critical volatile ele-
ments that the DIN is needed for, detection limits in hydrocarbons are
degraded relative to aqueous detection limits [72]. The ICP-MS quadrupole
instruments suffer from interferences due to matrix and argon molecular ion
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TABLE 17—Analysis of Gasoline at 20 ng/ml
Spike Concentration 1500W Power,
Calibrated Using Hexanes
20 ng/ml

20 ng/ml Spike* Percent DET.

Spike* Matrix RSD* LIM.**
Element | Raw Data | Correction | 20 ng/ml ng/ml
Ag 16.9 20.1 12 3
Al 204 243 49 2
As 11.6 16.3 60 20
Ba 22.6 253 1.9 0.40
Ca 23.8 27.0 - 1
cd 17.0 21.0 1.7 0.3
Cr 18.5 22.8 47 0.4
Cu 21.5 25.9 5.7 0.8
Fe 21.9 24.6 2.1 0.2
Mg 21.6 24.2 2.1 0.3
Mn 20.2 22.9 1.8 0.05
Mo 17.7 224 6.2 1
Na 20.6 23.6 3.0 0.5
Ni 211 24.8 23 0.2
Pb 16.7 20.3 3.6 0.8
Si 18.8 23.2 2.1 0.6
Sn 17.4 25.2 97 25
Y, 20.8 234 1.8 0.06
Zn 14.2 17.8 2.8 0.2
MEAN 19.2 22.9
*From 10 Exposures of 10 s Duration
**From 10 Analyses of Unspiked Gasoline: 3 ¢/,/10

species, but the new collision cell technology for removing these interferences
has the potential of making DIN/DIHEN ICP-MS for hydrocarbons a much
more promising technique.

A new generation of low-flow nebulizers having a rugged PFA polymer con-
struction is now available. They were developed primarily for aqueous ICP-MS
but are finding application in organic ICP-AES and ICP-MS [73]. Flow rates
available range from 20 to 500 pL/min and they are typically used with a



CHAPTER 8 m  ICP-AES IN THE PETROLEUM INDUSTRY 201

TABLE 18—ICP-AES Three Sigma Detection Limits
(ng/ml)
Three solvents compared
Aqueous | Tetralin | Toluene Conditions

Wavelength | Bergener Trace PFA20/ R = Radial,
Element | nm nebulizer PC-3 A = Axial
Al 396.1 39 57 53 R, Oy
Ccd 214.4 0.8 0.9 1.2 A, No O,
Fe 259.9 0.9 24 33 A, O,
Mn 257.6 0.2 0.2 0.3 A, O,
Mo 204.5 1.9 4.8 7.2 A, No O,
Na 589.5 42 49 56 R, Oy
Ni 231.6 1.6 13 6.6 A, O,
P 178.2 13 37 29 A, No O,
Pb 220.3 10 32 20 A, No O,
Sn 189.9 7.5 16 22 A, No O,
Ti 323.4 5.6 5.4 48 R, No O,
\ 311.0 13 " 26 R, No O,
Zn 206.2 0.8 1.5 1.2 A, No O,

cyclonic spray chamber. A commercially available Peltier cooled spray chamber
conditioning interface (PC-3) enables the aerosol temperature to be lowered to
—-15°C. Naphthas containing hydrocarbons as volatile as pentanes can be
diluted in toluene and introduced directly into the ICP using the PFA 20 pl/min
model (PFA20) with low-temperature aerosol conditioning. Table 18 shows lim-
its of detection for ICP-AES obtained using the PFA20 compared with aqueous
and tetralin detection limits using a parallel path nebulizer. Radial or axial ICP
observations with or without added oxygen in the nebulizer gas flow are speci-
fied in the right column. Despite the tiny 20 pL/min sample flow, the detection
limits for many elements are comparable across the board because of the very
high nebulization efficiency of the PFA20.

Silicon in Naphtha

Silicon compounds (silicones) have been a worrisome fuel contaminant in
recent years. The author recalls being given in 1996 a spark plug fouled with
what looked like white sand taken from a commercial automobile fleet engine.
Our analysis revealed pure silicon dioxide and the “silicon crisis” of 1996 was
under way. Gasoline contaminated by silicon had been distributed widely over
the Houston area as a result of a bulk lot of fuel-grade naphtha contaminated
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Fig. 10—Matrix effect of varying amounts of naphtha in toluene on results of silicon analy-
sis by ICP-AES.

with silicones sold to a distributor (not ExxonMobil). In response to this crisis,
methods for determination of silicon in naphtha were investigated, and at the
time our laboratory used the USN ICP-AES as the best available technique. The
method was not quantitative, however, and was useful only as a survey tech-
nique because of the volatility of the silicones and their tendency to be rejected
by the USN desolvation system.

Using normal sample uptake rates of 0.1 to 2 mL/min, naphthas extinguish
the ICP even when diluted five to ten times in tetralin or xylenes. Using the
PFA20, some success was achieved by diluting naphthas in xylenes. Adding the
PC-3, and chilling the aerosol to —15°C, permitted operationally stable ICP anal-
ysis of naphthas diluted in toluene [73]. The amount of naphtha in the toluene
solutions was found to strongly affect the silicon measurements, however.
Fig. 10 shows signal suppression of two silicon lines as a function of naphtha
content in toluene solutions relative to silicon in toluene standards. The magni-
tude of this matrix effect is large enough to introduce significant error with
minor variations in dilution factor. Differences in the relative volatility of the
naphtha samples also affected the silicon recoveries since the term “naphtha”
describes a wide boiling point range of hydrocarbons. A study was made to
find an internal standard element and spectral line that behaved similarly to sil-
icon, and molybdenum (204.5 nm) was found to compensate adequately at a
spike level of 3.0 pg/ml. Fig. 11 shows the analysis in Fig. 10 replotted with the
molybdenum reference. A further improvement in precision was obtained
using oxygen admixed with the arsenic coolant flow (Table 19).

Silicon in naphtha analyses have been performed in our laboratory for sev-
eral years using the molybdenum internal standard technique, and accuracy
has been verified using standard spikes. Spike recoveries from 55 naphtha sam-
ples are summarized in Table 20. A detection limit of 0.006 pug/mL (without
dilution factor) silicon in toluene was measured using 251.6 nm.

Organos-silicon compounds differ widely in volatility from tetramethylsilane
(TMS) with a boiling point of 26.5°C to nonvolatile silicones with molecular
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Fig. 11—Naphtha matrix effect compensated by use of molybdenum 204.5-nm internal
standard.

weights in the thousands. Two compounds were selected to investigate the
effect of Si compound volatility on method accuracy: TMS and hexamethyldisi-
loxane (HMS) with a boiling point of 101°C. Table 21 shows the spike recov-
eries of the two compounds relative to a nonvolatile Si standard in toluene
(and 20 % naphtha in toluene) obtained using the molybdenum internal stand-
ard. There is clearly an enhancement for both compounds because of volatility
with similar values obtained for the two silicon lines. TMS shows the greater

TABLE 19—Si % Spike Recovery vs.
Naphtha Content

With and without oxygen addition

Mo 204.5 nm internal standard, toluene dilution,
3 ug/ml spike level, n = 6

With 35 ml/min O, | Without O,

% Naphtha | Mean Sigma Mean | Sigma
12.0 102 5.3 115 4.2
20.0 100 1.1 94 2.1
48.0 101 4.2 96 17
72.0 105 1 103 22
93.0 111 14 98 7.0
Overall (30) | 103.8 9.1 101.2 14
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TABLE 20—Si in Naphtha by ICP-AES
Spike Recoveries

1.00 ug/g spike level

Si 212.4 nm Si 251.6 nm
N 55 (5 rejected) 55 (5 rejected)
Mean % Recovery | 101.6 101.2
% RSD 9.6 10.9
Three sigma detec- | 0.02 0.006
tion limit (ug/g)

enhancement as expected, but even in this extreme case the total effect is less
than a factor of three.

Silicon determinations in naphtha have been performed recently using
ICP-MS with a collision gas interface (hydrogen) and an ICP operated at “cool
plasma” conditions (750 W versus 1200 to 1600 W normal ICP power level)
using the PFA20 nebulizer and chilled spray chamber [26]. A detection limit of
0.6 ng/mL was achieved with this system. The volatility enhancement effect
with TMS was observed with the ICP-MS as expected.

CONCLUSIONS

ICP-AES is well established in analytical laboratories throughout the petroleum/
petrochemicals industry, and ASTM has contributed much to the success of the
technique by providing key standard methods for routine analysis of a wide

TABLE 21—Effect of Volatile
Si Compounds

Samples spiked with tetramethylsilane
(TMS), b.p. 26.5 degrees C or hexame-
thyldisiloxane (HMS), b.p. 101 degrees
C - Mo internal standard

% Spike Recovery

Toluene | Si Si Sigma
(neat) 2124 nm | 251.6 nm | (n)

TMS 175 174 4.8 (6)

HMS 146 139 6.9 (6)

20% Naphtha in Toluene

T™MS 214 214 26 (8)

HMS 176 177 6.6 (8)
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variety of oils and products. The early days of ICP-AES were filled with chal-
lenges and frustration, particularly when analyzing oils and volatile hydrocar-
bons directly. In recent years, innovative low-flow nebulizers and other sample
introduction equipment combined with advances in plasma generators and
spectrometer design and the use of oxygen admixed with the Ar gas streams
have brought even these difficult analyses into the realm of the easy and rou-
tine. ICP-AES is now supplemented by ICP-MS in many petroleum laboratories,
but the utility, ease, and speed of ICP-AES is likely to ensure that it remains the
cornerstone of the trace metals analysis laboratory for many years to come.
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INTRODUCTION
One of the key responsibilities of modern analytical scientists is “solving prob-
lems,” or “troubleshooting.” As a matter of fact, this is one of the most attrac-
tive reasons for entering the field of analytical chemistry. “Problems” can arise
in research, development, production, technical services, regulatory require-
ments (such as the [ASTM International], American Society for Testing and
Materials U.S. Environmental Protection Agency [EPA], or U.S. Food and Drug
Administration [FDA]), litigation, and many other areas [1]. The role of the ana-
lytical chemist in industry, quality assurance, methods and technical develop-
ment, troubleshooting (also called “firefighting”), research or science resource,
and miscellaneous analytical roles are described in an extremely interesting
report entitled “Analytical Chemistry in Industry” [2]. Many problems in the
petroleum industry, such as corrosion, incompatible formulation, failure of an
engine, contamination of feedstock, or catalyst poisons, in general, can be
traced back to some physical or chemically related problem of the system. As
Botto stated in his 2006 Winter Conference on Plasma Spectrochemistry Sym-
posium report [3]: “In the application of plasma spectrochemistry to ‘real
world’ materials and problems, almost nothing can top the petroleum and
petrochemical industry for its ability to generate tough analytical challenges on
a daily basis. ICP spectrochemists working in the industry ‘get down and get
dirty’ with some of the nastiest and most complex sample matrices on Earth.”
Hence, a symposium has been dedicated to petroleum materials and petroleum
applications in the Winter Conference on Plasma Spectrochemistry since 2006.
The key to successful solutions for most problems is working closely with
the appropriate engineers or scientists. Engineers and other application-oriented
personnel are often the first to encounter defects, failures, or other problems.
When this occurs, consultation with projectrelated personnel is an essential
first step in the problem-solving or troubleshooting process. By virtue of his or
her knowledge of analytical techniques, the analytical chemist (or scientist)
should be able to define the problem, identify possible causes, and determine
what type of information is needed. The analytical techniques that appear most
applicable to the problem should also be determined. The experimental design
and sampling plan are made. Measurements are taken and data are generated,
processed, and interpreted. Last but not the least, the analytical chemist meets
with the projectrelated engineer or other personnel to discuss data and solve
the problem [4]. In all cases, the essence of the analytical process of problem
solving and the analytical approach are shown in Tables 1 and 2 [5].

! Chevron Energy Technology Company, Richmond, California
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With the large number of analytical techniques available, it is often diffi-
cult to identify the best method or methods for a given problem. The goal of
this review is to introduce one of the most powerful and popular elemental
analysis techniques, namely inductively coupled plasma-mass spectrometry
(ICP-MS), and its applications in the petroleum industry. Alternative techniques
such as atomic absorption spectrometer (AAS) and inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) just don’t have the sensitivity for
most elements or high-throughput capability of ICP-MS. Applications of ICP-
MS to petroleum and related samples are discussed, and this review will by
no means provide an allinclusive bibliography. It is not my purpose to dis-
cuss the theory, principles and mechanisms, and instrumentation pertaining
to all cases, because these topics have been adequately described elsewhere.
Table 3 lists books that contain significant information or at least one chap-
ter on ICP-MS. For discussion of these new analytical techniques or recent
advances of existing analytical techniques, the reader should refer to both
fundamental (published once every 2 years in even years) and application
(published once every 2 years in odd years) reviews as well as the A-pages
portion in every issue of the Analytical Chemistry Journal (published by the
American Chemical Society). The fundamental review on ICP-MS since 2002
provides a comprehensive review on ICP-MS [6-9]. Several fundamental
reviews on atomic spectroscopy [10-13] and atomic mass spectrometry [14-16]
included significant developments in instrumentation, methodology, and appli-
cations of ICP-MS. Reviews of ICP-MS are routinely included in reviews in
inorganic mass spectrometry [17-18], and more extensive reviews [18-22]
dealing with ICP-MS have been published. The Journal of Analytical Atomic
Spectrometry (JAAS), published by the Royal Society of Chemistry, which was
founded in 1986, contains a very useful pragmatic section entitled Atomic
Spectrometry Update (ASU). Typical ASUs include reports or reviews on
Instrumentation, Atomization and Excitation; Environmental Analysis; Atomic
Emission Spectrometry; Atomic Mass Spectrometry and X-ray Fluorescence
(XRF) Spectrometry; Industrial Analysis: Metals; Chemicals, and Advanced
Materials; and Clinical and Biological Materials, Foods, and Beverages. JAAS
has become a major journal in the atomic spectrometry field and a good ref-
erence for many applications. The ICP Information Newsletter, of course,
continues to provide important information on current trends in ICP atomic
spectrometry, as well as abstracts of atomic spectrometry papers presented at
major national and international meetings. This newsletter is edited by Pro-
fessor Ramon M. Barnes, who retired from University of Massachusetts. Addi-
tionally, books in the series Chemical Analysis: A Series of Monographs on
Analytical Chemistry and Its Applications, which are edited by Professor J. D.
Winefordner, who retired from University of Florida (published by Wiley),
are also a valuable resource for the introduction of new analytical techniques
and applications. An ASTM symposium, Elemental Analysis of Fuels and
Lubricants: Recent Advances and Future Prospects, held in Tampa, Florida,
on December 6-8, 2004, contained several ICP-MS presentations. The sympo-
sium was sponsored by ASTM Committee D02 on Petroleum Products and
Lubricants. A book, STP 1468, with some of the symposium papers, was pub-
lished in 2006 by ASTM [23]. Many conferences are being held throughout
the year, but only one remains that focuses on ICP-MS: the Winter



210 SPECTROSCOPIC ANALYSIS OF PETROLEUM PRODUCTS AND LUBRICANTS

TABLE 1—The Analytical Process of Problem Solving

Definition of the problem

Selection of method(s)

Experimental design and sampling (random, unbiased, and representative)
Elimination of interference(s)

Performance of the experiment and/or measurement

Data processing and interpretation

Solution to the problem

NoupwN-=

Conference on Plasma Spectrochemistry. It's held in the United States and Asia
on even years and Europe in odd years. A short course entitled “Analysis of
petrochemical products and industrial materials by plasma spectrochemistry”
is an excellent course for any scientists who are new or want to learn more
about organics ICP and ICP-MS.

As regulatory requirements become more stringent and the necessity to
determine many elements at low concentration levels (particularly at lower parts-
per-billion [ppb] or parts-per-trillion [ppt] levels) has increased, the ICP-MS has
successfully evolved as a powerful analytical tool for ultratrace elemental analy-
ses. For the scientist and laboratory personnel who would like to get more infor-
mation with the same or a smaller amount of a sample in either the same period
of time or less, ICP-MS has become one of the most important analytical techni-
ques for elemental determinations. The number of ICP-MS systems installed and
used worldwide reached 5,000 (by 2004) since the first ICP-MS system was intro-
duced in 1983 [24]. This is not surprising, given the ever-increasing needs for
trace and ultratrace analysis of environmental and high-tech materials.

The growth in the number of ICP-related publications increased from fewer
than 100 in 1980 to more than 3,000 in 1990. Some 2,000 papers containing
“ICP-MS” were published from October 2005 to October 2007 according to
SciFinder® Scholar 2007. Judged on the basis of the number of commercial
instruments sold, their growth in usage and publications, and their acceptance
by the scientific community, the ICP-MS undoubtedly has had the greatest
impact to date as an analytical tool for elemental determination. Fassel [25]
had clearly stated the need for an ideal method for elemental analysis. It is very
close to what ICP-MS can do. Numerous other factors such as physical testing
versus chemical analysis, surface analysis versus bulk analysis, nondestructive
versus destructive, total element versus speciation, and invasive versus noninva-
sive should also be considered in determining the analytical technique to be
used for your applications or for solving problems [1,26,27].

HISTORICAL DEVELOPMENT OF ICP-MS

The historical development of the use of ICP discharge in atomic optical spec-
troscopy was described by Hwang’s review article entitled “Application of ICP-
AES to Analysis of Solutions” in 1995 [28]. Another important elemental analy-
sis technique using ICP discharge, namely mass spectrometry, was developed in
the 1980s. Conventional inorganic mass spectrometry is an established method
for elemental analysis [29]. Basic characteristics are the direct analysis of solids
using RF spark, dc arc, laser, and so forth as an ion source; the high detection
power and selectivity; the multielement capability and wide element coverage;
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TABLE 2—The Analytical Approach

1. Defining the problem at hand.

Ensuring that the samples available are representative of the problem.

3. Interacting with the client to obtain his or her knowledge of the problem and to
understand the requirements to be met by the solution in terms of needed accu-
racy and timing.

4. Developing an analytical plan involving the sequence and number of methods and
instrumental studies to be undertaken.

5. Completing the work using the highest level of expertise and remembering the
chemical theories relating to the work.

6. Communicating answers, newer data, including the precision and reliability of all
numbers, and specifying any cautions or constraints on the best use of the answer.

7. Interpreting the information and results in a clear, consistent, meaningful report
that can be used to help solve the problem.

and the capability to obtain isotope abundance information. Solutions cannot,
however, be directly analyzed. Gray [30] was the first to show the feasibility
using a dc capillary arc source and a quadrupole mass filter to develop a
plasma source MS. The challenge to interface an atmospheric pressure plasma
into a high-vacuum MS is much tougher than developing a gas chromatograph/
mass spectrometer (GC-MS) and similar to (if not tougher than) developing a
liquid chromatograph/mass spectrometer (LC-MS). This was finally accom-
plished by the use of a differentially pumping vacuum system containing elec-
trostatic ion lens to extract a small fraction of the plasma gas through a pinhole
sampling orifice. The first explorations of an ICP discharge as ion source were
described by Gray and coworkers [31,32] and Houk and coworkers [33,34]. The
pioneering work on ICP-MS was conducted primarily in three research laborato-
ries: the Ames Laboratory at Iowa State University [33-35]; the laboratories in
Sciex, in Canada [36]; and the University of Surrey, the British Geological Survey
and VG Instruments [31-32, 37-39].

Since the first ICP-MS paper was published in 1980 [35], it is incredible to
conceive that the first commercial ICP-MS was introduced just 3 years later at the
1983 Pittsburgh Conference, and that the first benchtop ICP-MS was introduced
only 11 years after that. ICP-MS has rapidly expanded worldwide to become the
method of choice for fast, ultratrace level elemental analysis. The rapid develop-
ment of ICP-MS is the result of at least six unique capabilities for element analysis.
1. The detection limit of ICP-MS for direct analysis of solution samples is in

the range of 1 to 100 pg/mL for most elements. These detection limits are

100 to 1,000 times superior to those that can be routinely achieved by

either ICP-AES or ICP-AFS.

2. ICP-AES can detect only about 80 of the elements on the periodic table.
ICP-MS, however, can detect almost all elements across the periodic table
using atomic mass rather than optical wavelengths.

3. Mass spectra of the elements are very simple and unique. Spectral interfer-
ences are much less severe in ICP-MS than in ICP-AES. Also, because mass
spectral peak widths are instrumentally limited, many mass spectral interfer-
ences can be eliminated if high-resolution, double-sector instruments are used.
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TABLE 3—Books Related to ICP-MS

Fundamentals and Applications

Duckworth, D. C.,
and Smith, D. H.,
Eds.

Title Authors/Editors Publisher Year
Inductively Coupled Plasma Boumans, P. W. J. M. | Wiley 1987
Emission Spectroscopy Part |
Inorganic Mass Spectrometry Adams, F., Gijbels, R., | Wiley-Interscience | 1988
and Van Grieken, R.
Applications of Inductively Coupled | Date, A. R., and Blackie, Glasgow | 1989
Plasma Mass Spectrometry Gray, A. L.
Applications of Plasma Source Mass | Holland, G., and Royal Society of 1991
Spectrometry Eaton, A. N. Chemistry
Inductively Coupled Plasmas in Montaser, A., and VCH 1992
Analytical Atomic Spectrometry, Golightly, D. W.
2" ed.
Inductively Coupled and Microwave | Micromeritics, E. H., Royal Society of 1995
Induced Plasma Sources for Mass Giglio, J. J., Chemistry
Spectrometry Castillano, T. M., and
Caruso, J. A.
Atomic Spectroscopy, 2™ ed. Robinson, J. W. Marcel Dekker 1996
Inductively Coupled Plasma Mass Montaser, A. Wiley-VCH 1998
Spectrometry
Flow Analysis with Atomic Sanz-Medel, A., Ed. Elsevier 1999
Spectrometry Detectors: Analytical
Spectroscopy Library, Vol. 9
ICP Spectrometry and Its Hill, S. J., Ed. Sheffield Aca- 1999
Applications demic Press
Plasma Source Mass Spectrometry: Holland, G., and Royal Society of 1999
New Developments and Applica- Tanner, S. D., Eds. Chemistry
tions (Proceedings of the Durham
Conference)
Elemental Speciation, New Caruso, J. A., Elsevier 2000
Approaches for Trace Element Anal- | Sutton, K. L., and
ysis; Vol. 33 of Wilson & Wilson’s Ackley, K. L., Eds.
Comprehensive Analytical Chemistry
Direct Sample Introduction Beauchemin, D., Elsevier 2000
Techniques for Inductively Coupled | Gregoire, D. C,,
Plasma Mass Spectrometry; Vol. 34 Gunther, D.,
of Wilson & Wilson’s Comprehen- Karanassios, V.,
sive Analytical Chemistry Mermet, J.-M., and
Wood, T. J.
Inorganic Mass Spectrometry: Barshick, C. M., Marcel Dekker 2000
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TABLE 3—Books Related to ICP-MS (Continued)
Title Authors/Editors Publisher Year
Inductively Coupled Plasma-Mass Taylor, H. E. Academic Press 2001
Spectrometry: Practices and
Techniques
Applications of Inorganic Mass De Laeter, J. R. Wiley 2001
Spectrometry; Wiley-Interscience
Series on Mass Spectrometry
Plasma Source Mass Spectrometry: Holland, G., and Royal Society of 2001
The New Millennium (Proceedings Tanner, S. D., Eds. Chemistry
of the Durham Conference)
Elemental Speciation, New Caruso, J. A., Elsevier 2000
Approaches for Trace Element Sutton, K. L., and
Analysis; Vol. XXXIll of Wilson & Ackley, K. L., Eds.
Wilson’s Comprehensive Analytical
Chemistry
Direct Sample Introduction Techni- | Beauchemin, D., Elsevier 2000
ques for Inductively Coupled Plasma | Gregoire, D. C.,
Mass Spectrometry; Vol. XXXIV of Gunther, D. V.,
Wilson & Wilson’s Comprehensive Karanassios, V.,
Analytical Chemistry Mermet, J. M., and
Wood, T. J.
Analytical Methods for Environmen- | Taylor, F., Cart- Prentice Hall 2000
tal Monitoring wright, M., and
Ahmad, R.
Applications of Inorganic Mass de Laeter, J. R. Wiley-Interscience | 2001
Spectrometry; Wiley-Interscience
Series on Mass Spectrometry
Analytical Atomic Spectrometry Broekaert, J. A. C. Wiley-VCH 2001
with Flames and Plasmas
Laser Ablation-ICP MS in the Earth Silvester, P., Ed. Mineralogical 2001
Sciences Association of
Canada
Inductively Coupled Plasma-Mass Taylor, H. E. Academic Press 2001
Spectrometry: Practices and
Techniques
Plasma Source Mass Spectrometry - | Holland, G., and Royal Society of 2001
The New Millennium (Proceedings Tanner, S. D., Eds. Chemistry
of the Durham Conference)
Hyphenated Techniques in Specia- Szpunar, J., and Royal Society of 2004
tion Analysis Lobinski, R., Eds. Chemistry
Methods for Environmental Trace Dean, J. R. Wiley 2003
Analysis

(Continued)
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TABLE 3—Books Related to ICP-MS (Continued)

Title Authors/Editors Publisher Year
Acceleration and Automation of Luque, M. D., Elsevier 2002
Solid Sample Treatment; Techniques | DeCastro, J. L., and
and Instrumentation in Analytical Luque, G.
Chemistry 24
Handbook of Elemental Speciation: | Cornelis, R., Caruso, Wiley 2003
Techniques and Methodology J., Crews, H., and

Heumann, K., Eds
Sample Preparation for Trace Mester, Z., and Elsevier 2003
Element Analysis; Comprehensive Sturgeon, R., Eds.
Analytical Chemistry Series XLI
Atomic Spectroscopy in Elemental Cullen, M., Ed. Blackwell 2004
Analysis; Analytical Chemistry Series Publishing
A Practical Guide to ICP-MS Thomas, R. Marcel Dekker 2004

Inc.

Applications of Inorganic Mass de Laeter, J. R. Wiley 2001
Spectrometry
Encyclopedia of Analytical Science, Worsfold, P., Elsevier Ltd. 2005
2" ed. Townshend, A., and

Poole, C., Eds.
Practical Inductively Coupled Plasma | Dean, J. R. Wiley 2005
Spectroscopy
Handbook of Elemental Speciation | Cornelis, R., Caruso, Wiley 2005
II: Species in the Environment, J., Crews, H., and
Food, Medicine and Occupational Heumann, K., Eds.
Health
Inductively Coupled Plasma Mass Nelms, S. M., Ed. Blackwell 2005
Spectrometry Handbook Publishing

4. Inherent in the ICP-MS technique is the ability to measure elemental iso-
tope ratios. Thus it can be exploited not only in the fields where such infor-
mation is needed (e.g., nuclear industry, mining, geology), but also in using
the isotope dilution technique to solve and study analytical problems.

5. The advancement of all different sample introduction techniques makes
ICP-MS more versatile to deal with all kinds of samples.

6. The ease of “interfacing” with many separation instruments extends ICP-
MS from elemental analysis to elemental speciation analysis, which is
extremely important to environmental, toxicological, biological, pharma-
ceutical, and many other studies.

The first step in ICP-MS analysis is the introduction of the sample. This has
been achieved through a variety of means. The most common method is the
use of a nebulizer. This is a device which converts liquids into an aerosol. The
aerosol is swept into the plasma to create ions. Nebulizers work best with
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simple liquid samples (i.e., solutions). There have been, however, instances of
their use with more complex materials such as slurry. Many varieties of nebuliz-
ers have been coupled to ICP-MS, including concentric, cross-flow, Babington,
and ultrasonic nebulizer (USN) types. The aerosol generated is often treated to
limit it to only the smallest droplets, commonly by means of a double pass or
cyclonic spray chamber. Use of an autosampler makes this easier and faster.
Less commonly, laser ablation (LA) has been used as a means of sample intro-
duction. In this method, a laser is focused on the sample and creates a plume
of ablated material that can be swept into the plasma. This is particularly use-
ful for solid samples, though it can be difficult to create standards. This is one
of the leading challenges in quantitative analysis. Other methods of sample
introduction are also used. Electrothermal vaporization (ETV) and in torch
vaporization (ITV) use hot surfaces (graphite or metal, generally) to vaporize
samples for introduction. These can use very small amounts of liquids, solids,
or slurries. Other methods like vapor (e.g., hydride or cold vapor) generation
are also known.

Polyatomic interferences were a major problem for the analysis of some
elements by ICP-MS. The recent advent of collision/reaction cell technology has
revolutionized quadrupole ICP-MS (QICP-MS). Through collision or reaction
with appropriate gases in a cell before the analyzer quadrupole, interferences
such as 40Ar§r can be almost completely eliminated while leaving the analyte
ions (8°Se in this case) relatively unaffected. With each new model of ICP-MS
instrument, which typically decreased in size, came better detection limits,
equipped with collision/reaction cell, more user-friendly software, better price
and accessibility to maintenance, and easier interfacing with separation instru-
ments for elemental speciation works.

However, some intrinsic limitations still remain with these QICP-MS, partic-
ularly when transient or time-dependent signals (such as those generated by
LA, ETV, flow injection (FI) and chromatographic separation) are used to ana-
lyze a large number of isotopes. Time-of-flight mass spectrometry (TOF-MS) is
an inherently simple type of mass spectrometer with high transmission effi-
ciency. With TOF-MS, all ions are extracted simultaneously for mass analysis,
resulting in complete elimination of changes in nebulization efficiency, varia-
tion in the plasma (plasma flicker), and the sampling of inhomogeneous
plasma zones. The precision of isotopic ratios measurements using TOF-MS is
therefore dictated mainly by fundamental noise effects rather than by the
time-dependent signal fluctuations encountered with QICP-MS. Thus its preci-
sion can easily achieve below 0.05 % for isotopic ratio measurements. The
other unique advantages of ICP-TOF-MS are the high data acquisition rate
achievable over the whole mass spectrum in less than 50 ps, complete elemen-
tal coverage in micro-volume, and rapid transient signal. Hieftje and coworkers
[40] have given an excellent overview of the applications of ICP-TOF-MS, as a
detector for chromatography and capillary electrophoresis (CE) for elemental
speciation studies. Benkhedda et al. [41] demonstrated that the combination of
ICP-TOF-MS with FI on-line preconcentration provides a very useful technique
for simultaneous determination of lead at trace levels and lead isotopic ratios
in natural water samples. Winefordner’s and Holcomb’s research groups
[42,43] have successfully used ETV-ICP-MS for the elemental analysis on petro-
leum products such as fresh and used lubricant oils. Bings [44] demonstrated
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the use of LA with ICP-TOF-MS to perform a rapid simultaneous elemental
analysis in lubricant oil samples.

Multicollector (MC) arrays have long been used in thermal ionization mass
spectrometry (TIMS). For an ICP source without a thermalized beam, double-
focusing ion optics is required to correct for both chromatic and angular aber-
rations of the beam. Walder and Freedman [45] were the first to describe the
use of such an instrument, and MC-ICP-MS has since established itself as a valu-
able addition to TIMS and QICP-MS techniques. From its birth through geologi-
cal and nuclear applications, environmental, archaeological, biological, medical,
and forensic scientists are now recognizing what isotopic ratio analysis can
offer. Milgram et al. [46] have described the interfacing of the ICP to ion trap
mass spectrometer of the Fourier transform ion