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Foreword

The National Institute for Occupational Safety and Health (NIOSH) is the U.S. federal agency
responsible for conducting research and making recommendations for the prevention of work-
related injury and illness. NIOSH is part of the Centers for Disease Control and Prevention (CDC)
in the U.S. Department of Health and Human Services. The NIOSH Manual of Analytical Methods
(NMAM) is a compilation of validated sampling and analytical methods that are used globally for
occupational exposure assessment in the industrial (occupational) hygiene field and related
professions. The methods that are published in NMAM are evaluated and validated in
consideration of their fitness-for-purpose for exposure monitoring in work areas. NIOSH methods
primarily address workplace air sampling and analysis, but NMAM also includes protocols for
biological, surface, dermal, and bulk samples. Within NMAM, but separate from the methods
themselves, are assorted chapters providing background and guidance covering a number of
subjects. Explanatory chapters on quality assurance, sampling guidance, method development and
evaluation, aerosol collection, etc., provide valuable information to users of NIOSH methods.
NMAM chapters provide a convenient resource that augments technical information often (but not
always) available elsewhere in texts and monographs. Now in its fifth edition, NMAM is

continuously updated as new or revised methods are evaluated and their performance verified.

This document is a compilation of its guidance chapters and methods, current as of the date shown
on the front page. NMAM is published online on the NIOSH web page (www.cdc.gov/niosh/nmam)
and is available worldwide free of charge. Users are encouraged to visit the NMAM 5th edition

website for the most current methods and guidance chapters.
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1 Purpose and scope

The health of working people in myriad industries and occupations is potentially at risk
through workplace exposure to airborne chemical and biological agents [Hathaway and
Proctor 2004; Rose and Cohrssen 2011; Eduard et al. 2012; Jakubowski 2012]. Commonly it is
the responsibility of occupational hygienists and often other public health professionals to
determine the effectiveness of measures taken to minimize and control worker exposures to
airborne toxins and toxicants, and this is normally achieved by monitoring workplace air
quality [DiNardi 2003; Vincent 2007, 2012; Kulkarni et al. 2011]. Air monitoring is vital
because inhalation is ordinarily the most likely route of exposure in occupational settings.
Frequently other routes of workplace exposure, notably dermal contact with chemical and
biological agents, must also be considered [Semple and Cherrie 2003; Brisson and Ashley
2011; Behroozy 2013]. Complementary biomonitoring methods are also often used to assess
occupational exposures to toxic chemical compounds through measurement of specific
analytes, e.g., metabolites and/or biomarkers, in body fluids (normally blood and urine) and
tissues [Angerer and Greim 2006].

The NIOSH Manual of Analytical Methods (NMAM) is a compilation of analytical methods
for air, biological, surface (including dermal) and bulk samples that have been evaluated and
validated in consideration of their fitness for purpose for workplace exposure monitoring
[NIOSH 1995]. NIOSH sampling and analytical methods are intended to promote accuracy,
sensitivity, and specificity in industrial hygiene analyses and related applications. NMAM,
which is published online (available at: www.cdc.gov/niosh/nmam), is constantly updated as
new methods are developed and validated and as revised methods are evaluated and their
performance verified. The methods published in NMAM are relied upon by authoritative
bodies such as accrediting organizations and regulatory agencies. Besides sampling and
analytical methods, NMAM also includes chapters on quality assurance, portable
instrumentation, measurement of fibers, aerosol sampler design, and other guidance on
specific areas of interest.

Often there are situations during use where certain NIOSH methods may require
modification, for instance, to accommodate interfering compounds from a particular
workplace, to take advantage of unique laboratory capabilities, to make use of equivalent
sample preparation or analysis techniques, or to make possible the analysis of a single sample
for multiple contaminants. When method modifications are made, quality control data
demonstrating the reliability of the modified method must be obtained, recorded and
reported. Examples where method modifications might be required include the following:
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= The volume of air sampled on solid sorbents should be reduced in cases of high vapor
concentration or high humidity and, in some cases, may be increased if such
concentrations are relatively low.

= Automation of sample preparation and measurement procedures usually requires
modification of the manual procedure on which the modified method is based.

= Chromatographic conditions, including choice of column and detector, can be
modified to eliminate interferences or increase sensitivity during measurement.

= Acid mixtures used for sample dissolutions for elemental analysis may require
modification for certain sample matrices that are difficult to dissolve.

For the measurement of each analyte or group of analytes of concern in workplace
environmental samples or in biological specimens obtained from workers, it is desired to
produce sampling and analytical methods that will meet the needs of field investigators (e.g.,
industrial hygienists, control engineers or occupational physicians) as well as laboratory
personnel (e.g., analytical chemists, biochemists, epidemiologists or toxicologists). Many
NIOSH methods are developed in parallel with related voluntary consensus standards [Ashley
2015]. The ultimate goal of the formalized NIOSH method development, evaluation and
validation protocol is to make available sampling and analytical methods for applications in
the occupational hygiene arena that are fit for purpose, analytically rigorous, and adequately
ruggedized.

2 How to use NMAM

NIOSH methods are grouped alphabetically by method name, and some method names may
refer to a group of related substances. It is also possible to locate methods through their
arrangement by method number. Methods for particular analytes or groups of analytes can
additionally be accessed by searching their Chemical Abstracts Service (CAS) number(s)
through the online link.

a. Locating a NIOSH method

Often the easiest and fastest way to locate a method is to refer to the online method index,
which contains an alphabetical listing of analytes and listing by method number. Each
method’s cover page contains information on alternate chemical names and information
on: Compound(s), Method Number, Method Name, Sampling Rate, Minimum Volume,
Maximum Volume, Reagents, Analytical Technique and Sampler (for a quick reference).
It is also possible to search electronically by method number and/or CAS number (if
known).
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b. Method numbering system
The general NMAM method numbering system is outlined in the table below. Substances

having the same sampling device, sample preparation procedure and measurement

technique are often grouped together in one method (e.g., organic vapors; metals).

Method No.

0001-0799
0800-0999
1000-1999
2000-3499
3500-3999

4000-4999
5000-5999
6000-6999
7000-7999
8000-8999
9000-9999

Substances

General air samples

Bioaerosols

Organic vapors on charcoal sorbents
Organic vapors on other solid sorbents
Organic vapors on other samplers (e.g., liquids; direct-reading
instruments)

Organic vapors on diffusive samplers
Organic aerosols

Inorganic gases and vapors

Inorganic aerosols

Biological samples

Bulk samples; wipe samples

c. Indexes and Appendixes
Within the NMAM website there is an online link to indexes that can be used to locate
methods published in previous editions of the Manual:

1) Fourth Edition Methods
An index of fourth edition methods in order of method number. Note that the same

method numbering system is used for third, fourth and fifth edition NIOSH methods.
Also denoted is the current disposition of historical or discontinued methods.

2) First and Second Edition Method Numbers
An index of the first and second edition “P&CAM” and “S” methods, from which
many of the subsequent methods were derived. This index shows the disposition of all

of these earlier methods, whether they were later revised / updated or not.

3) Names and Synonyms

An alphabetical listing of chemical names and synonyms used in current (and many

previous edition) methods, including CAS numbers.

NIOSH Manual of Analytical Methods © 5th Edition * Chapter PS April 2016

Page PS-4 of PS-9


https://www.cdc.gov/niosh/docs/2003-154/default.html
https://www.cdc.gov/niosh/docs/2003-154/pdfs/index_b.pdf
https://www.cdc.gov/niosh/docs/2003-154/pdfs/index_c.pdf

‘ﬁfmﬁ Purpose, Scope and Use of the NIOSH Manual of Analytical Methods

An online “Appendixes” link is also available for obtaining unit equivalents or for
carrying out air concentration calculations for comparisons to Occupational Safety and
Health Administration (OSHA) standards.

d. Method format

NIOSH methods consist of three major parts:
1) Front page
The first page of each method concisely summarizes sampling and measurement
parameters and gives estimates of limit of detection, working range, overall and
measurement precision, and interferences. References to other relevant methods are
given. Also provided are Method Classification, NIOSH Registry of Toxic Effects of
Chemical Substances (RTECS) number, and an estimate of method accuracy (see
Figure 1).

2) Instructions

The second page of each method begins with lists of required reagents and equipment.
Please note that these reflect the conditions under which the methods were evaluated
and that there may still be some latitude for variation. The user of the methods is
responsible for assuring the accuracy of the results (e.g., to determine that
breakthrough and recovery are acceptable for each lot of samplers used). For example,
typical tolerances for sorbent tubes are illustrated:

= Glass tubing used to contain solid sorbents: Inside diameter is usually not critical
within the range of 4 to 6 mm; length should be sufficient to contain the specified
mass of sorbent.

= Contents of sorbent tubes: Mass of sorbent within £10% of specification; separators
of either glass wool or cleaned polyurethane foam (unless otherwise indicated);
sorbent mesh size of 20/40 unless sampling efficiency dictates otherwise. Filled
sorbent tubes should be sealed to protect them from contamination.

The Special Precautions section gives guidance on safe practices to be observed during
sampling, sampler preparation and measurement. Next are the step-by-step
instructions for Sampling, Sample Preparation, Calibration and Quality Control,
Measurement, and Calculations. Any lengthy instructions for sampler preparation and
standardization of stock solutions appear in method appendixes. Nomenclature is
consistent with the NMAM Glossary (chapter) of Abbreviations, Definitions and
Symbols. (Note that additional general information relating to sampling and
measurement is contained in other NMAM chapters.)
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3) Supporting information
Laboratory and field data relating to the method are summarized in the Evaluation of
Method section and on the summary page, along with pertinent references.

CHEMICAL NAME METHOD ####

FORMULA Molecular or Atomic Weight = Chemical Abstracts Service# RTECS #

METHOD: number EVALUATION: (Full, Partial, Unrated, N/A) is Issue Date:
assigned by NMAM editors.

OSHA: These exposure limit values, i.e., OSHA PROPERTIES: Boiling/melting points, equilibrium vapor
NIOSH: Permissible Exposure Limits (PELs) and/or pressure, and density help determine the
Other OELs: NIOSH Recommended Exposure Limits (RELs), sample aerosol/vapor composition.

are those in effect at the time of publication of

the method.

SYNONYMS: Common synonyms for the substance(s).

SAMPLING MEASUREMENT

SAMPLER: Brief description of sampling equipment TECHNIQUE: The measurement technique used

FLOW RATE: Acceptable sampling range, L/min ANALYTE: The chemical species actually measured.
A summary of the measurement

VOL-MIN: Minimum sample volume (L); corresponds equipment, sample preparation and

to Limit of Quantitation (LOQ) measurement steps appearing on the
second page of the method is given here
-MAX: Maximum sample volume (L) to avoid including detector specification.

analyte breakthrough or overloading
CALIBRATION:  Summary of type of standards used

SHIPMENT: Indicates whether sample shipment is
routine or requires special considerations, RANGE: Range of calibration standards to be used;
e.g., refrigeration from LOQ to upper limit of measurement
(NOTE: More concentrated samples may
SAMPLE be diluted in most cases to fall within the
STABILITY: Indicates whether samples are stable or calibration range.)
not, and over what time period and
temperature range, etc. ESTIMATED LOD: Limit of detection (Method Detection
Limit;
BLANKS: Each set should have at least 2 field blanks, )
up to 10% of samples, plus 6 or more PRECISION (S.): Experimental precision of spiked samplers;

media blanks in the case of coated
sorbents, impinger solutions or other
special samplers.

precision of analytical method

ACCURACY

A summary of data from experiments in which known
atmospheres of the substance were generated and analyzed
according to the method including range studied, bias,
overall precision ($,7) and accuracy. Target accuracy is less
than 25% difference from actual concentration over the
range of the method.

APPLICABILITY: The conditions under which the method is useful, including the working range in mg/m? (from the LOQ to the
maximum sampler loading) for a stated air volume are given here.

INTERFERENCES: Compounds or conditions which are known to interfere in either sampling or measurement are listed.

OTHER METHODS: Methods from earlier editions of NMAM and current methods which are related to this one, as well as similar
consensus standards, OSHA and literature methods.

NIOSH Manual of Analytical Methods (NMAM), Fifth Edition

Figure 1. Layout of front page of NIOSH methods
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e. Method classification

Methods in previous (fourth) edition of NMAM are classified into evaluation categories:
Full, Partial, Unrated and Not Applicable. Classification is based on the results of
laboratory testing and evaluation criteria as described in a NIOSH guidelines document
[NIOSH 1995] and in Chapter ME (Development and Evaluation of Methods). Most
methods in the fifth edition are classified as ’fully validated.’

The performance data from these evaluations are summarized in the Evaluation of
Method section in each method. This section may also contain other corroborating data,
e.g., results from collaborative testing, Proficiency Analytical Testing (PAT) data, or field
data from NIOSH studies. For partially evaluated methods, this section will state which
evaluation points were not tested, thus providing the user with information on which to
make a reasonable judgment on the quality of the data obtained.

Evaluation - Full: Fully evaluated methods are those that have been tested and found to
have met all of the factors of the NIOSH evaluation protocol [NIOSH, 1995].

Evaluation - Partial: Partially evaluated methods are those that have been subjected to
some of the evaluation experiments but have not received a full evaluation (e.g., short-
term method development). These may also include methods that were fully tested but
did not meet one or two of the evaluation criteria specified in the NIOSH protocol
[NIOSH, 1995]; for example, some of the earlier-developed methods that do not meet the
current £25% accuracy criterion.

Evaluation - Unrated: Unrated methods have not been tested by NIOSH, but may have
been developed by a recognized independent source such as OSHA.

Evaluation — N/A: The designation, Not Applicable (N/A), is applied to methods where no
quantitative data are collected, such as:

* Procedures for sample collection only. The collected samples are analyzed
subsequently by an appropriate analytical method.

= Qualitative methods that indicate results as a positive or negative (or inconclusive).

f. User experience with NIOSH methods

NIOSH strives to make the methods published in NMAM useful and fit for purpose in
industrial hygiene analyses. Therefore, feedback on the experiences of people using the
methods is important to us. Suggestions for improvement and questions relating to
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NMAM are welcome and should be directed to the editors of the Manual. Their contact
information is provided on the NMAM webpage.

Disclaimer

Mention of any company or product does not constitute endorsement by NIOSH. In
addition, citations to websites external to NIOSH do not constitute NIOSH endorsement
of the sponsoring organizations or their programs or products. Furthermore, NIOSH is
not responsible for the content of these websites. All web addresses referenced in this
document were accessible as of the publication date.
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1 Method development

The development and evaluation of analytical methods that are useful, reliable and accurate
for industrial hygiene monitoring problems require the application of some general guidelines
and evaluation criteria. The guiding objective in this work requires that, over a specified
concentration range, the method provide a result that differs no more than £25% from the
true value 95 times out of 100. The application of consistent evaluation criteria and guidelines
is particularly important when methods are developed by different individuals and
organizations (e.g., contractors or outside laboratories) and compiled into a single manual.
Adherence to guidelines should minimize overlooking potential problems in the methodology
during its development, as well as provide cohesiveness and uniformity to the method that is
developed. This chapter provides an outline of a generalized set of evaluation criteria prepared
by NIOSH researchers for the evaluation of sampling and analytical methodology [NIOSH
1995].

In the development of a sampling and analytical method, there is a logical progression of
events that cover a search of the literature to gather pertinent information and the preliminary
experimentation for selection of analysis technique and sampling medium. To initiate the
development of a method, the identity of the analyte must be as fully defined as possible.
Physical and chemical properties of the analyte should be defined so that procedures for
proper handling and use of the analyte can be prepared. These also aid in establishment of
analyte purity. Potential sources of this information include chemical reference books, health
hazard evaluation reports, bulk sample analyses, material safety data sheets, chemical process
information, etc.

Since innovation is a key element in the sampling and analytical method development
process, detailed experiments for the initial development of the sampling approach and
optimization of the analytical procedure are better left to the discretion of the researcher.
During development, it should be recognized that appropriate, statistically designed
experiments will optimize the amount of information obtained. Therefore, consultation with a
statistician about appropriately designed experiments will be of value during this phase of the
research.

a. Preliminary experimentation

Several key points, including calibration and selection of measurement technique and
sampling media, should be studied during the initial method development experiments.
The selection of sampling medium and procedure is a decision that usually is made early
in the method development process. The physical state of the analyte (i.e., gas, aerosol,
vapor, or combination thereof) plays an important factor in the selection of an appropriate
sampler. Analytes which can exist in more than one physical state may require a
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combination of sampling media in one sampler for efficient collection [NIOSH 1995].
Where possible, commonly available and easily used samplers should be investigated
initially. As the preliminary testing of a sampling method progresses, further modification
in the sampling medium or sampler design may be required and may affect the
measurement procedure. Sampler design and media selection considerations should
include U.S. Department of Transportation regulations and restrictions for shipment back
to a laboratory for analysis.

Since industrial hygiene analytical methods are geared toward measuring personal
exposure, the size, weight, and convenience of the sampler are important elements in
sampler design. The personal sampler should allow freedom of movement and should be
unobtrusive, unbreakable, and not prone to leakage. The pressure drop across the sampler
should not be so great as to limit sample collection times to 10 h with personal sampling
pumps. For situations where only a short term sample will be required (i.e., 15 min for
ceiling determinations), this 10 h recommendations can be reduced to 1 h. The use of
potentially toxic reagents should be avoided unless they can be used safely. Reagents used
should not pose any exposure hazard to the worker wearing the sampler or to the
industrial hygienist taking the samples.

b. Recovery of the analyte from the medium

During the course of method development experiments, the ability to recover the analyte
from the sampling medium should be determined. A suggested experiment to accomplish
this entails the fortification of sets of 6 samplers with amounts of analyte equivalent to
sampling concentrations of 0.1, 0.5, 1.0, and 2.0 (or higher) times the exposure limit for a
minimum of 4 h at the typical sampling rate used for that type of sampler. If the analyte
has a ceiling or short-term exposure limit, the amount of analyte fortified should be
adjusted for the shorter sampling time required for this type of exposure limit. If the
sampler has a backup section, then a like number of separate backup sections should be
fortified with amounts of analyte equivalent to 25% of the amount fortified on the front
sections of the samplers, since this amount has been used to characterize the breakthrough
limit of useful samples [Streicher et al. 1994]. Samples (and backup sections) should be
prepared for analysis and analyzed according to previously determined procedures.
Results of these analyses should be expressed in terms of estimated percent recovery
according to the following formula:

Amount of analyte found on sampler

Percent Recovery () =[ ] X 100 %

Amount of analyte fortified on sampler

After initial analyses of the samples, the samples should be resealed and analyzed on the
following days, if possible. If the sample workup procedure results in a solution of the
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sample, these solutions should be recapped after the initial analysis, if possible, and
reanalyzed on the following day using fresh standards.

The recovery of the analyte should be calculated for the primary and backup media in the
sampler. Although complete recovery of the analyte from the sampler is most desirable, at
a minimum, the estimated recovery of the analyte from the primary collection medium
should be greater than or equal to 75% for concentrations equivalent to sampling 0.1, 0.5,
1.0, and 2.0 times the exposure limit. If recovery varies with analyte loading, results should
be graphed as recovery versus loading during calibration of the method, so that
appropriate correction can be made to sample results, as long as recovery is greater than
75% [Melcher et al. 1978]. If estimated recovery does not exceed 75%, the method is not
suitable for monitoring at this limit.

Estimated recovery from any backup media should be noted so that appropriate
corrections can be applied if breakthrough of the sampler has occurred during sampling.
The recovery of the analyte from the medium in the backup section of a sampler may be
different from that of the front section, since the backup section of a sorbent-based
sampler usually contains only half of the sorbent of the primary section. If the same
volume of desorption solvent is used for both the primary and backup sections of the
sampler, the desorption equilibrium can be shifted, since the backup section is being
desorbed by twice the volume (i.e., on a mL solvent/mg sorbent basis) [Saalwaechter et al.
1977].

Reanalysis of the samples on the day after initial analysis indicates if immediate analysis
after sample preparation is required. Often when processing a large number of samples, it
may be necessary to prepare the samples for analysis as a batch. In these instances, the last
samples may not be analyzed for up to 24 h or more after preparation because of the time
required for analysis. If samples prepared for analysis exhibit time-dependent stability
after desorption, analyses must be conducted within acceptable time constraints. Analysis
and reanalysis results should agree within 5% of each other.

c. Stability of the analyte on the medium

An extension to the experiment described above may be performed to investigate potential
stability problems early in the experimentation. An additional set of fortified samples at
each of the 4 concentrations should be prepared and analyzed after 7-days' storage at room
temperature. Recovery should be similar to the above results within experimental error.
Discrepancies larger than those expected by experimental error indicate sample stability
problems that will need correcting by additional developmental effort (e.g., refrigerated
storage). Comparison of results can be performed with statistical tests, such as an analysis
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of variance (ANOVA) [Posner and Okenfuss 1981] test of the “Day” difference or a paired
t-test [Box et al. 1978] of the means of the Day 1 and Day 7 storage results.

2 Method evaluation

After the initial development experiments for the method have been completed and a method
has been proposed, the sampling and analysis approach should be evaluated to ensure that the
data collected provides reliable, precise, and accurate results. Specifically, the goal of this
evaluation is to determine whether, on the average, over a concentration range of 0.1 to 2
times the exposure limit, the method can provide a result that is within £25% of the true
concentration 95% of the time. For simplification, the true concentration is assumed to be
represented by an independent method. An experimental approach for collecting the data
necessary for this determination is described below.

As part of the evaluation of a method, the sampling of a generated atmosphere is needed to
more adequately assess the performance of a method [NIOSH 1984; Nelson 1971; Nelson
1992]. This allows the determination of 1) the capacity of the sampler; 2) the efficiency of
analyte collection by the sampler; 3) the repeatability of the method; 4) the bias in the method;
5) interferences in the collection of the sample. Concentration ranges to be used in the
evaluation of the method should be based on several factors. These ranges, at a minimum,
should cover 0.1 to 2.0 times the exposure limit. In some instances, higher multiples of the
exposure limit can be added if needed (e.g., 10 times the exposure limit). In situations where
multiple exposure limits (i.e., from different authorities) exist for an analyte, the lowest
exposure limit should be used to set the lower limit of the evaluation range (0.1 times lowest
exposure limit) and the highest limit used to calculate the upper limit of evaluation range (2
times the highest exposure limit). Intermediate evaluation concentrations should be within
these exposure limits. The toxicity of an analyte (e.g., suspected carcinogenicity) may indicate
that a concentration lower than that calculated by the exposure limit should be included in the
measurement and evaluation ranges. Previous monitoring information from other methods
may indicate that typical concentrations of the analyte may be below or above a concentration
range based on the exposure limit. In this case, this lower or upper level may be included in
the method evaluation.

a. Feasibility of analyte generation

In order to provide a realistic test of the method under study, air concentrations covering
the range from 0.1 to 2 times the exposure limit of the analyte should be generated. The
generated atmospheres should be homogeneous in concentration and representative of the
environment encountered when sampling for the analyte in the workplace.
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When attempting to generate a concentration of an analyte, the impact of environmental
conditions, such as temperature, pressure, humidity, and interferences, on sampler
performance and/or generation should be considered. The effect of elevated temperature
on the collection medium of a sampler may decrease the capacity of the sampler or may
decompose the analyte during generation and sampling. Reduced pressure may also
reduce the capacity of a sampler. High relative humidity in many instances has been
observed to reduce sampler capacity [Melcher et al. 1978]. In other instances it has
increased sampler capacity [Cassinelli 1991]. A typical interference(s) should be generated
along with the analyte to approximate a typical workplace sampling environment.

Generation of particulate material can be extremely complex [Willeke 1980; Hinds 1982],
especially if particles of a required size range must be generated for the evaluation of a
specified sampler inlet design. The aerodynamic performance of the generator is a factor
in the generation of this type of atmosphere and should be evaluated carefully.
Appropriate, independent methods should be available to verify particle size, if this is a
critical element in the generation.

The concentration of the generated atmosphere should be verified either by well
characterized gravimetric/volumetric means or by analysis of replicate samples (if
possible) by an independent method at each concentration used. Further details on this
verification are included in the literature [NIOSH 1995; Ashley 2015]. A statistician should
be consulted for advice on the design and sample sizes to accomplish this validation.
Ideally, the independent method should not be biased and should provide an accurate
estimate of the concentration generated, assuming error is randomly distributed around
the mean. Also the precision and bias of the independent method should be homogeneous
over the concentrations investigated. (See NIOSH [1995] for the definitions of these
attributes.) In instances where the concentration of the generator can be based only on
calculations using flow rates in the generator and the amount of analyte injected, the
generation system should be well characterized so that analyte losses are minimized.

In some instances, generation of an analyte may be difficult and even hazardous. As an
alternative to direct generation in these cases, samplers may be fortified with an amount of
analyte expected to be sampled over a specified period of time at a specific flow rate. When
this is necessary, fortification of the sampler by vaporization of a known amount of analyte
onto the sampling medium is a more appropriate method, since this approach more
closely approximates a generated atmosphere. The alternative of direct application of a
solution of analyte onto the collection medium is less desirable but may be necessary in
some instances. After fortification, air, conditioned at both high and low humidity, should
be drawn through samplers at the flow rate and time period used in the calculations for the
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amount of analyte expected to be collected. In the method report, the fact that samples
were not collected from a generated atmosphere should be discussed.

b. Capacity of the sampler and sampling rate

To determine the applicability of the sampling method, the capacity of the sampler should
be determined as a function of flow rate and sampling time. This is particularly important
if the analyte has both a short-term exposure limit (STEL) and a time-weighted average.
Flow rates typical for the media selected should be used. These may range from 0.01 to 4
L/min, depending on sampler type. At extremely low flow rates (ca. 5 mL/min), the effect
of diffusion of the analyte into the sampler must be considered. Flow rates should be kept
at a high enough rate to prevent diffusion from having a positive bias in the sampler.
Sampling should be performed at three different flow rates covering the range appropriate
for the particular sampler type, unless the sampler is designed to operate at only one flow
rate.

Sampling times should range from 22.5 min for STELs to 900 min (15 h) for time-
weighted averages. Shorter sampling times (e.g., 7.5 to 22.5 min) may be used for ceiling
(C) measurements. Flow rates should be based on accurately calibrated sampling pumps
or critical orifices. The amount of analyte collected at the lowest flow rate and shortest
sampling time should be greater than the limit of quantitation of the method. The
generated concentration used for capacity determination should be at least 2 times the
highest published exposure limit and verified by an independent method.

Sampling should be conducted at ambient, elevated (>35 °C), and low (<20 °C)
temperatures to assess the effect of temperature on sampling. To assess the effect of
humidity on capacity, sampling should be performed at both low and high humidity (20%
and 80%), since both have been observed to affect capacity [Cassinelli 1991; Melcher et al.
1978]. Triplicate samplers at three different flow rates should be included to verify capacity
at each of the six different humidity and temperature levels. For samplers which contain
backup sampling media, only the front section of the sampler should be used. A means is
required to quantitate analyte in the effluent from the sampler. This may involve the use of
a backup sampler, continuous monitor or other appropriate means which can provide a
measure of analyte concentration in the sampler effluent (ca. 1 to 5% of the influent
concentration). If the mass of analyte found on a backup sampler totals 5% of the mass
found on the front sampler or if the effluent concentration of the sampler contains 5% of
the influent concentration, breakthrough has occurred and the capacity of the sampler has
been exceeded.
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If the analyte is a particulate material and collected with a filter, the capacity of the filter is
defined by the pressure drop across the sampler or by the loading of the filter. For 37-mm
filter-based samplers, pressure drop should be less than 1000 mm of water for total loading
less than 2 mg. Larger filters and especially filter capsules [Harper and Ashley 2013;
O’Connor et al. 2014] will tolerate higher loadings (e.g, up to 5 mg).

If the collection process is based primarily on adsorption, breakthrough time should be
proportional to the inverse of the flow rate [Jonas and Rehrmann 1973]. This relationship
can be checked by plotting the 5% breakthrough time versus the inverse of the flow rate. If
the resulting plot is a straight line, then this relationship should hold for all flow rates in
the flow rate range studied. Some nonlinearity in the plot may be noted due to
experimental variability and assumptions made to simplify the relationship of
breakthrough time and flow rate. Results from these experimental trials should provide a
prediction of the capacity of the sampler at various flow rates and sampling times. If the
flow rates and sampling times used in the experiment do not provide for sufficient
capacity, a lower flow rate range may have to be studied and the experiment repeated.

With samplers which use reagents for collection of the analyte, the amount of the reagent
in the sampler will also be a limiting factor in the capacity of the sampler, based on the
stoichiometry of the reaction. Other factors, such as residence time in the sampler and
kinetics of reaction between analyte and reagent, may affect the capacity of this type of
sampler.

The combined temperature and humidity conditions that reduce sampler capacity to the
greatest extent should be used in all further experiments. The Maximum Recommended
Sampling Time (MRST) for a specific flow rate is defined as the time at which sampler
capacity was reached, multiplied by 0.667. This adds a measure of safety to this
determination. The relationship of breakthrough time with flow rate can be used to adjust
flow rates to optimize specific sampling times.

c. Sampling and analysis evaluation

To assess the performance of a method, certain additional experimental parameters should
be evaluated through a series of defined experiments. The effect of environmental
conditions (e.g., pressure, interferences) on sampling efficiency of the sampling medium
can be evaluated by a factorial design [Box et al. 1978]. The temperature, relative humidity,
flow rate, and sampling times, determined in the experiment described above to have most
severely limited sampler capacity, should be used in these experimental runs [Ashley
2015]. At a minimum, the effect of concentration on method performance should be
investigated. Three sets of 12 samples should be collected from an atmosphere containing
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concentrations of 0.1, 1.0, and 2.0 times the exposure limit at the humidity determined
above to have reduced sampler capacity for the MRST determined in the preceding
experiment.

If the analyte has a short-term or ceiling exposure limit in addition to an 8-hour time-
weighted average, an additional 12 samplers should be collected at the STEL or C limit for
the recommended sampling period at the appropriate flow rate. Potential interferences in
the work environment should be included in the generation experiments to assess their
impact on method performance. Concentrations up to 2 times the exposure limit value for
the interference should be included. Other environmental factors may be studied, but will
require a more comprehensive experimental design.

The effects of environmental conditions on analyte recovery should be assessed. A
factorial design can be used to evaluate these factors to determine which exert a significant
effect on analyte recovery. Those factors which are found to influence analyte recovery
should be investigated further to determine if their impact is predictable. If these effects
are not predictable, the utility of the method will be limited, based on the conditions
defined by this experiment. If only concentration is evaluated, the analyte recovery should
be the same at all concentrations after correctable biases have been included, such as
desorption efficiency.

d. Sample stability

To assess sample stability, samples should be collected from a generated atmosphere,
stored under defined conditions (i.e., ambient or refrigerated, light or dark), and analyzed
at specified time periods. A concentration of 0.5 times the lowest exposure limit should be
sampled with 30 samplers for a minimum of %2 the MRST. The humidity and temperature
of the generator should be at the same level as defined in the sample capacity experiment
to reduce sample capacity. The samplers should be divided randomly into one group of 12,
one group of 6, and four groups of 3, with the group of 12 analyzed as soon after collection
as possible (Day 0). The group of 6 samplers should be analyzed after 7 days. The four
remaining sets of 3 samplers should be analyzed after 10, 14, 21, and 30 days. The
conditions of storage are determined by the nature of the analyte. If there is an indication
of analyte instability on the sampling medium, refrigeration of the samplers may be
required. However, storage for the first 7 days should be at room temperature.

Samples should normally be stable for a minimum of 7 days under ambient conditions to
simulate shipping to a laboratory for analysis. If the average analysis results of the
samplers analyzed on day 7 differs from the set analyzed on day 0 by more than 10%, the
method does not meet the sample stability criterion. Either additional precautions, such as
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shipment on ice and refrigerator storage, may be required or the method may have to be
modified to address this problem. (Note: In practice, reactive or unstable samples should
be shipped by overnight mail and analyzed as quickly as possible.) If a plot of recovery
versus time indicates that recovery decreased by more than 10% after the initial 7-day
storage period, sample instability is a problem. If samples need to be stored for longer
periods, more restrictive storage conditions are required. Remedial action, such as cold
storage may solve this longer term storage problem. After remedial precautions have been
instituted in the method, the sample stability of the method must be determined anew.

e. Precision, bias, and accuracy

Results from four sets of samplers used in the analyte recovery experiment, the sampling
and analysis experiments (e.g., the environmental parameters experiments), and the
sample stability experiment can be used for the estimation of precision, bias, and accuracy
of the method. A more exacting treatment of this is described elsewhere [NIOSH 1995].
Sampler results from the multi-level factorial design at the 0.1, 1.0, and 2.0 times the
exposure limit value; the sampler stability experiment (at 0.5 times the exposure limit);
and the environmental factors experiment are used in the calculations of method
precision. The calculations for the estimated method precision, S.r, have been described
previously [NIOSH 1995; Anderson et al. 1981; Busch and Taylor 1981; NIOSH 1980].
Before obtaining a pooled estimate of method precision from the four sets of samplers
listed above, the homogeneity of the precision over the range of concentrations studied
should be checked using a test, such as Bartlett's test NIOSH 1995; Anderson et al. 1981;
Busch and Taylor 1981]. If the precision is not found to be constant over concentrations,
the sample set collected at 0.1 times exposure limit should be removed and Bartlett's test
recalculated. Homogeneity of the method precision at all concentration levels is an
assumption required to obtain pooled estimate of method precision.

Bias is assumed to be homogeneous over the evaluation range. This assumption should be
tested by estimating the bias at each concentration and testing these for homogeneity
using the procedures described in the literature [NIOSH 1995]. Method bias should be less
than 10%. A test for this is also described [NIOSH 1980].

The bias and precision estimates can be used with the graph presented in Figure 1 or in
Table I to estimate accuracy [NIOSH 1995]. The bias and precision estimates are plotted
on the x- and y-axes of the graph. The intersection of these points on the parabolic grid in
the graph can be used to estimate the accuracy of the method. This procedure gives an
estimate of method accuracy but does not yield the statistic required to test compliance of
the method with the £25% accuracy criterion. Techniques for the latter determination are
discussed in the Appendix and elsewhere [NIOSH 1995].
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NMAM

If the results for 4 concentrations fail the 25% accuracy criterion, then the set of samples
collected at the lowest concentration level should be excluded from the data set. The
pooled S.r and the bias should be recalculated on this reduced data set before performing
the accuracy analysis described in the previous paragraph.

For the 12 samplers collected at the ceiling limit, the accuracy analysis described above
should be repeated using only the data collected at the ceiling limit.
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Figure 1. Nomogram relating accuracy to precision and bias. Accuracy (A), in
percentage units, is a function of the bias (B) and the precision (S.r). Each curve is the
locus of all points (B, S;r) that yield the value of A indicated on the curve.
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Table I. Values of the bias (B) and the precision (S:1) required to obtain designated

values of accuracy (A) in percentage units’

A (%) B (%) St (%)

5 -3.5 0.945*
5 -2.5 1.559*
5 0.0 2.551%*
5 2.5 1.483*
5 3.5 0.881*
10 -7.5 1.643*
10 -5.0 3.200
10 0.0 5.102
10 5.0 2.895*
10 7.5 1.414*
15 -10.0 3.378*
15 -5.0 6.381
15 0.0 7.653
15 5.0 5.774
15 10.0 2.764*
20 -10.0 6.755
20 -5.0 9.448
20 0.0 10.20
20 5.0 8.548
20 10.0 5.527
25 -10.0 10.13
25 -5.0 12.39
25 0.0 12.75
25 5.0 11.21
25 10.0 8.287
30° -15.0% 10.73
30° -7.5 14.55
30° 0.0 15.31
30° 7.5 12.52
30° 15.0% 7.930
35° -15.0% 1431
35° 7.5 17.59
35° 0.0 17.86
35° 7.5 15.14
35° 15.0% 10.57

# Note: the values shown in this table are population or theoretical values.

* Below the minimum attainable precision with a 5% pump correction.

® Does not fulfill the Accuracy Criterion (+25% of the true value).

& Does not fulfill the bias criterion (+10%).

NIOSH Manual of Analytical Methods  5th Edition * Chapter ME

April 2016

Page ME-12 of ME-19




l di,m Development and Evaluation of Methods

3 Field evaluation

While field evaluation is not required in method evaluation, it does provide a further test of
the method, since conditions which exist in the field are difficult to reproduce in the
laboratory. Also unknown variables may affect sampling results when field samples are taken.
This type of evaluation is recommended to further study the performance of the method in
terms of field precision, bias, interferences and the general utility of the method. Both the
collection of area samples and personal samples should be included in the field evaluation of
the method.

Area samples should provide an estimate of field precision and bias. Personal samples may
confirm these values and also provide a means to assess the utility of the method. A statistical
study design should be prepared, based on the variability of the method and the statistical
precision required for estimates of the differences in analyte concentrations yielded by the
independent method and the method under evaluation [CEN 2015].

If this type of statistically designed study is not feasible, a minimum of 20 pairs of samples of
the method under study and an independent method should be used for personal sampling.
Placement of the samplers on the workers should be random to prevent the biasing of results
due to the "handedness" of the worker. Workers sampled should be in areas where both low
and high concentrations of the analyte may be present.

As a minimum, sets of 6 area samplers paired with independent methods should be placed in
areas of low, intermediate, and high analyte concentration. If the atmosphere sampled is not
homogeneous, precautions may have to be taken to ensure that all samplers are exposed to the
same concentrations. This can be done by using field exposure chambers, such as those
described in the literature [Cassinelli et al. 1985; Kennedy et al. 1985].

Field precision and bias of the area sampler results of the method under study should compare
with laboratory evaluation results, provided that precautions have been taken to ensure that
all samplers have been exposed to the same homogeneous atmosphere. Differences in
precision and bias should be investigated. Sources of variation should be studied and
corrections implemented where necessary. Evaluation of personal sampler results should be
done cautiously, because observable differences may be due to work practices or other
situations which are beyond the control of the method.

A field evaluation of a method also allows the developer of the method to determine its
ruggedness. Although this may be a subjective judgement, first-hand experience with the
method in the field may suggest changes in the sampler or method that may make the method
more easily used in the field and less subject to variability.
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4 Documentation

Development and evaluation research on a sampling and analytical method should be
documented in a final report. The report should describe what was determined about the
method. If the results of the statistical analysis of the data indicate there is not 95% confidence
that the accuracy of the method is less than or equal to £25%, the report should state this fact.
In some instances, the method may actually have an accuracy of less than 25%, but a larger
sample size must be used to prove this statistically (See Appendix 1 of NIOSH 1995).

The final report can be either a technical report or a failure report. The technical report
(acceptable method developed) documents the successful development of the method. This
report may be prepared in a format appropriate for submission to a peer-reviewed journal for
publication. The failure report (no acceptable method developed) documents the research
performed on an attempted method development for an analyte or analytes. The report
should describe the failure of the method, as well as other areas of the method research that
were successful. Recommendations to solve the failure of the method may be included.

If an acceptable method is developed, a sampling and analytical method should be prepared in
appropriate format. The format of the resulting method should provide clear instructions for
the use of the method. Sampling, sample workup, and analysis procedures should be clearly
described. The necessary equipment and supplies for the method should be listed clearly in
the method. A summary of the evaluation of the method should be included, as well as a
discussion of method applicability and lists of interferences and related references. As a check
on the clarity and performance, new methods should be reviewed and submitted to a user
check (i.e., the method is used to analyze spiked or generated samples of known concentration
by someone other than the researcher who developed it) and to a collaborative test, if feasible.
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5 Appendix - Accuracy and its evaluation

In the development of a sampling and analytical method, one of the goals is to minimize the
measurement error to the lowest feasible and practical levels. It is assumed that all feasible
corrections to reduce error have been made in the laboratory experimentation process.
Method evaluation requires adequate characterization of the magnitude and distribution of
the uncorrectable error that cannot be prevented. One might consider a hypothetical
experiment in which a method is used repeatedly to measure the same concentration, T,
under the same conditions. These measurements would tend to exhibit a pattern or statistical
distribution, here assumed to be normal, with a mean, y, and standard deviation, S. The
distribution can be characterized in terms of two components: its location relative to T, which
is the systematic error termed bias (B), is given by (u-T)/T; and its spread, which is the
random error termed imprecision (S1), is given by S/ The bias and imprecision are used to
determine the inaccuracy of the method but they are also important characteristics of the
error in and of themselves, as will be discussed below.

Accuracy refers to the closeness of the measurements to T but it is defined in terms of the
discrepancy of the measurements from T. Inaccuracy (I) is defined as the maximum error,
regardless of sign, expressed as a percentage of T that occurs with a probability of 0.95. Thus,
an inaccuracy (or accuracy) of 20% means that on the average 95 of every 100 measurements
will differ from T by no more than 0.2T. The accuracy criterion for single measurements
mentioned at the beginning of this chapter, often termed the “NIOSH Accuracy Criterion,”
requires inaccuracy to be less than or equal to 25%.

Accuracy, bias, and imprecision have the following relationship:
0.95 = @((1-B)/((14+B)S1))- @((-1-B)/((1+B)S:1))

where (¢) denotes the probability that a standard normal random variable is less than or equal
to . A practically exact numerical solution to Equation (1) can be readily programmed using
statistical software packages [Press et al. 1986]. A DOS program, ABCV.EXE, is also available
which solves for I (denoted by A in the program), S,r (denoted by CV in the program), or B
when the values for the other two quantities are input. An estimate of I can be obtained in
either case by entering estimates of B and S,r. An approximate solution, which is accurate to
about 1.1 percent, is given as follows [NIOSH 1995]:

I=1.57 (B+1)S;r + \/((0.39 (B+1)- S.r)? + B2) for theoretical or true I

1=1.57 (B +1)8:r + "/ ((0.39 (B+ 1) - §,1)2 + B2) for estimates of I
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Also, the nomogram in Figure 1 can be used to solve for I or an estimate of I by entering B and
Sit or their estimates. Procedures for obtaining “best” single point and 95% confidence
interval estimates of B, and S;r and a 90% confidence interval estimate for I are given in
NIOSH [1995].

The 90% confidence interval for I can be used to infer whether the method passes or fails the
25% accuracy criterion (AC) for single measurements with 95% confidence as follows:

1) The method passes with 95% confidence if the interval is completely less than 25%.

2) The method fails with 95% confidence if the interval is completely greater than 25%.

3) The evidence is inconclusive if the interval includes 25% (there is not 95% confidence that
the AC is true or that it is false).

When researchers interpret the results from analyses of the type described above, it is
important to consider that most methods have many uses in addition to individual
measurement interpretation. Because accuracy is very important whenever any quantity is to
be estimated, the ideal (“other things being equal”) is to use the most accurate estimator
regardless of its bias or imprecision. However, it is crucial to distinguish between the accuracy
of the source or “raw” measurements and that of the final estimator, which might involve
many intermediate analyses or operations. Unfortunately, the most accurate input or raw
measurements do not always produce the most accurate final result unless the latter is a single
measurement. The bias and imprecision of the source measurements can be differentially
affected by intermediate operations in producing the final estimate. For example, if the final
estimate is a function of a single average of many source measurements, its bias is not affected
by the averaging while imprecision is reduced as a function of the square root of the number
of measurements. Thus, a lower biased method might be preferable to another even if the
inaccuracy of the latter is less. On the other hand, in comparative studies, the desired estimate
is either a difference or ratio of means of measurements in which there can be partial or
complete cancellation of the bias in the source measurements. Thus, the bias of the method
used for the source measurements may be of little importance. If there are several methods
applicable for a given user’s project (regardless of whether all fulfill the accuracy criterion for
single measurements), the analyst would be well-advised to consult with the user (preferably
in advance of measurement) to determine which of those methods would produce the optimal
accuracy for the final results or estimates needed by that particular user. Accuracy, bias, and
imprecision jointly form a complete or sufficient set for the efficient description of the
measurement error characteristic of any method.

NIOSH Manual of Analytical Methods  5th Edition * Chapter ME April 2016 Page ME-16 of ME-19



l di,m Development and Evaluation of Methods

Disclaimer

Mention of any company or product does not constitute endorsement by NIOSH. In addition,
citations to websites external to NIOSH do not constitute NIOSH endorsement of the
sponsoring organizations or their programs or products. Furthermore, NIOSH is not
responsible for the content of these websites. All web addresses referenced in this document
were accessible as of the publication date.
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1 Introduction

Recently, the ISO Guide to the Expression of Uncertainty in Measurement (GUM) has come
close to being universally adopted as the standardized way to characterize and document
measurement uncertainty [ISO 2002, 2005, 2009, 2010; Ellison and Williams 2012]. Since the
mid-1970s, accuracy criteria have been an integral part of the evaluations of the sampling and
analytical methods used by the National Institute for Occupational Safety and Health
(NIOSH), the Occupational Safety and Health Administration (OSHA), the Mine Safety and
Health Administration (MSHA), and others. NIOSH has previously published extensive
discussions addressing the issue of accuracy as a factor in the development, evaluation, and
characterization of analytical methodology. Both traditional method accuracy and new
measurement uncertainty concepts are intended to communicate measurement limitations to
laboratory clients. Naturally, laboratories are interested in how NIOSH accuracy requirements
[Busch 1977; NIOSH 1995] relate to measurement uncertainty.

This chapter provides guidance for achieving consistency in determining measurement
uncertainty by those laboratories using NIOSH methods. Minor modifications to NIOSH
accuracy measures, and an expansion of ISO GUM to cover situations unique to workplace
atmospheric measurement can improve consistency and utility. See Bartley [2004] for
additional information.

ISO GUM proposes pooling estimated variance components from diverse error sources. The
square root of the pooled variance estimate is termed the combined uncertainty u..
Multiplication of u. by a coverage factor k (generally in the range of 2 to 3) results in an
expanded uncertainty U. The purpose of the expanded uncertainty is for each measurement to
provide an interval bracketing the measurand (the true value of what is to be measured) to
account for errors in both the measurement and the determination of the uncertainty
components themselves.

ISO GUM is somewhat unclear about the coverage factor k. Furthermore, the coverage factor
can be interpreted in several ways. Most straightforward is the limited case where the
uncertainty components can be re-evaluated each time the method is used (resulting in k
proportional to a Student-t quantile). In this case, the covering intervals bracket the
measurand for (for example) 95% of the measurements.

Alternatively, the coverage factors based on the Student-t quantile specify intervals containing
measurand values at levels of evaluation confidence in the mean (i.e., averaging over many
method evaluations). In other words, for roughly 50% of method evaluations, intervals used at
each measurement contain the measurand value greater than (for example) 95% of the time.
The concept is consistent with the statistical theory of tolerance or prediction intervals.
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This approach is important to industrial hygiene since workplace air concentrations vary
spatially and over time to such a degree that a method cannot be evaluated by simply taking
replicate measurements [Vaughan et al. 1990]. However, industrial hygiene measurement
methods have traditionally required confidence levels greater than 50% in the method
evaluation. Generally, 95% confidence in a method validation is required. The different types
of confidence levels are reflected simply in the numerical value and interpretation of the
coverage factor.

Of equal importance in the industrial hygiene field are details needed to handle systematic
error (bias) relative to reference concentration measurements found during method
evaluation. For example, the sampling rate of a given diffusive sampler for gases or vapors is
generally measured once by the diffusive sampler manufacturer prior to use by multiple
clients. As the samplers are not re-calibrated for each use, residual bias exists in the
measurements due to uncertainty in sampling rates used [ASTM 2013a]. (NIOSH methods
typically do not cite performance for passive samplers because agreement among diffusive
monitor manufacturers on test protocols has not yet been achieved, and a system of third
party evaluation of diffusive monitor manufacturers sampling rates is not available.) Similarly,
the calculation of desorption efficiencies may be performed only once or infrequently and can,
therefore, introduce residual bias in measurements that use sorbent-captured samples, e.g.,
charcoal tubes.

In aerosol sampling, detailed knowledge of the particle size-dependent bias of a sampler
relative to a sampling convention, such as adopted by ISO/CEN/ACGIH/ASTM [ISO 1995;
CEN 1993; ACGIH 2015; ASTM 2013b] for defining respirable dust, is often necessary to
judge the usefulness of a given sampler. Each type of aerosol sampler is characterized by
specific particle collection characteristics, and some analytical methods (e.g. silica) may also
exhibit particle size effects. Typically the issue of aerosol sampler bias is avoided or minimized
in the industrial hygiene field by narrowing use to a specific aerosol sampler. For example,
common industrial hygiene practice establishes a single sampler type, such as the 1.7 L/min
10-mm nylon Dorr-Oliver cyclone, for respirable dust sampling in a particular application.

Sensitivity to other environmental factors, referred to in ISO GUM as influence variables,
must be acknowledged. Suppose a sampler is sensitive to temperature changes that are
impractical to measure in the field; i.e., sampler estimates are not temperature corrected.
Then, suppose during method evaluation in the laboratory, measurement of this sensitivity is
combined with knowledge of the expected temperature variation for a given field application.
Putting together both would determine the uncertainty associated with the effect. Examples of
the important effects of influence variables - such as wind velocity, temperature, pressure, and
fluctuating workplace concentrations - on diffusive monitor uptake rates are common.
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ISO GUM presents several concepts. One of these calls for the identification of sources
(labeled j = 1, 2,...) of uncertainty u; (standard deviation estimate components) in a
measurement method and for their classification into Type A or Type B uncertainties. Type A
uncertainty is one that has been characterized by a statistically sound approach. In this

case, u]-2 is given by sjz, an unbiased estimate (with v; degrees of freedom) of variance 01-2. On
the contrary, Type B uncertainty generally requires professional judgment. See Table 1 for
examples of possible uncertainty components.

A common example of Type B uncertainty is the conservative assignment of a 5% relative
standard deviation component (without error, i.e., with infinite degrees of freedom) as the
random sampling pump uncertainty. As described in ISO GUM, such an assignment would be
a result of sampling pump random errors that had a uniform distribution and fell within

+1/3 X 5% of zero with a probability “for all practical purposes equal to one”. Therefore, if it
is judged that sampling pump variations are within these bounds, then the assignment of 5%
as the relative standard deviation component is conservative. Other similar ways of handling
Type B uncertainties are found in ISO GUM.

Table 1. Examples of potential uncertainty component sources.

Sampling
personal sampling pump flow rate: setting the pump and subsequent drift sampling rate
of diffusive sampler
sampler dimension (aerosol and diffusive sampling)

Sample handling
sample preparation (e.g., handling silica quasi-suspensions) sample loss during
transport or storage

Analytical
aerosol weighing
recovery (e.g, GC-based methods)
Poisson counting (e.g., in XRD methods)
Sensor variation
operator effects giving inter-lab differences (if data from several labs are to be used)

NIOSH Manual of Analytical Methods  5th Edition ¢ Chapter UA April 2016 Page UA-4 of UA-23



‘é&fmﬁ Measurement Uncertainty and NIOSH Method Accuracy Range

Evaluation
calibration material uncertainty
evaluation chamber concentration uncertainty
other bias-correction uncertainty

Environmental influence parameters
temperature (inadequacy of correction, if correction is made as with diffusive samplers)
atmospheric pressure
humidity
aerosol size distribution (if not measured by a given aerosol sampling method)
ambient wind velocity
sampled concentration magnitude itself (e.g., sorbent loading)

Within the field of industrial hygiene, the quantities u;are often standard deviation
component estimates obtained from a single measurement-method evaluation, rather than
from replicates. When the estimates are independent, a combined uncertainty u. may be
computed (through the propagation of uncertainty approximation) as:

U = Jud + ui+ - (1)

Through a coverage factor k, generally approximated conservatively (e.g., see Technical Note 2
at end of chapter), as equal to 3 for a single method evaluation, an expanded uncertainty U
may be computed as:

U=kXu, (2)

The purpose of the expanded uncertainty U is to provide intervals, which generally contain
measurand values (often referred to as the true values). In particular, given a concentration
estimate ¢ (hats, as here, indicate estimates), the measurand value C is bracketed at better
than 95% confidence by intervals of the type:

c-U<C<cé+U (3)
at 95% confidence in the method evaluation. The coverage factor k is intended to account for
both (1) the fluctuation of the measurement about the measurand value and (2) the
uncertainty in the assessment of this fluctuation.
Note: Requiring only mean confidence in the evaluation leads to k given in terms of a Student-

t quantile. Here, however, in fixing the method evaluation confidence (e.g., at 95%), the chi-
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square distribution takes the place of the Student-t distribution. Double confidence levels (in
the measurement and evaluation) directly relate to a well-developed [Bartley 2001; Bartley and
Irwin 2002; Hald 1952; Wald 1942, 1943; Wald and Wolfowitz 1946; Wilks 1941, 1942;
Aitchison and Dunsmore 1975] statistical theory of tolerance or prediction intervals.

Another point of ISO GUM is semantic. Uncertainty, as in common usage, covers only what
is unknown about a measurement. The known but uncorrected systematic deviation or bias
relative to reference concentrations does not enter into measurement uncertainty.

A related concept, accuracy, is defined qualitatively within ISO GUM as the “closeness of
agreement between the result of a measurement and a true value of the measurand”. Accuracy
can have both random and systematic components. It is not surprising then that if a bias
correction is made and if accuracy is quantified reasonably, the expanded uncertainty and an
accuracy confidence limit can be equivalent.

As mentioned above, another aspect of ISO GUM deals with influence factors. If measurement
results are expected to be sensitive to an environmental factor (e.g., ambient temperature),
then the effect of such a factor on the measurement method must be measured in the
laboratory. Given estimates of the environmental variations expected during method
application, influence components of the combined uncertainty can be estimated for inclusion
in the uncertainty budget of Eq. 1. Table 1 lists several influence factors, which may or may not
be significant.

3 The symmetric accuracy range A as used by
NIOSH

a. Definition and its approximation

The symmetric accuracy range A is defined as the fractional range, symmetric about the
true concentration C, within which 95% of sampler measurements ¢ are to be found.
Another way of saying this is:

Cx(1-A) < é<Cx(1+A) for95% of measurements ¢ (4)
It is clear from this simple definition that the accuracy range function A must increase
with both random effects and bias magnitude and therefore, is one means of quantifying

accuracy as defined above according to ISO GUM.

More specifically, suppose that estimates ¢ are normally distributed about population
mean ¢ with standard deviation ¢. Then we may characterize random measurement effects
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in terms of the (true) relative standard deviation TRSD and bias of the mean concentration
estimate c relative to the true concentration C as:

bigs = c—C
as = C
(5)
TRSD = <.
C

The descriptive definition of Eq. 4 implies that the symmetric accuracy range A increases
with both TRSD and bias magnitude |bias|. This feature can be seen directly in the
following close approximation to the accuracy range function A, which follows [See
Bartley 2001; Bartley and Irwin 2002 for derivation] from the definition in Eq. 4:

A= 1960 xVbias? + TRSDZ, if |bias| < 222;

A = |bias| + 1.645 X TRSD, otherwise. (6)

This expression is simple enough for calculation by most hand-held calculators, and it is
also a useful starting point for estimating the 95% confidence limit Aosy on the accuracy
range as measured during a method evaluation, accounting for evaluation errors.

b. Uses of the symmetric accuracy range
1) Method validation
One application of the symmetric accuracy range is for evaluating measurement
methods. As mentioned in NMAM guidance chapters, a method evaluation consists of
a number of measurements taken from replicate samplers at each of several controlled
and known concentrations covering the range of expected method application. This
type of experiment gives information about the samplers’ random errors and also the
bias relative to reference concentrations. A confidence limit on the accuracy range can
then be computed. One objective in a method suitable for NIOSH application is that
the 95% confidence limit Assy not exceed 25%. A includes both the uncertainty (as the
term is used by ISO GUM) and the systematic deviation or bias, so that correction of
the bias by the sampler vendor or developer is encouraged by the very statement of this
objective. See Egs. 9-11 below for computing Assy, when bias is negligible.

2) Measurement uncertainty

Suppose then that bias correction has been made. For example, suppose that following
evaluation, the sampler is used for future measurement with bias corrected on the basis
of its measurement during the evaluation itself. Then computation of the confidence
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limit Aosy is possible accounting for the residual bias which is uncorrectable due to
evaluation limitations, but nevertheless will be present in all future measurements. The
quantity ¢ x Aese forms the counterpart to the expanded uncertainty U of ISO GUM for
specifying evaluation confidence at 95%.

The relationship between ¢ x Aosy (with corrected bias) and expanded uncertainty U
can be seen most clearly in the case that Aosy is significantly smaller than 100%. In this
case, Eq. 4 can be rewritten as the approximation:

E—CXAgsy, <C <E+EXAgsy, (7)

which means that at 95% confidence in the method evaluation, the inequality
bracketing the measurand value C holds at probability > 95%. A study using 10,000-
point simulations indicates that Agss can be as large as 25%, with method evaluation
confidence close to 95% using the approximation of Eq. 7. As can be seen directly, Eq.
7 is the analogue to Eq. 3 when ¢ x Aosy is adopted as the expanded uncertainty U:

U =¢X Agsy,. (8)

In the case that bias is known to equal zero (Technical Note 1 at the end of this
chapter), Aosy (at 15 degrees of freedom in the evaluation experiment) is simply:

Agsy, = 2.8 X TRSD. 9)
Eq. 8 then gives:

U=28xTRSD x¢
U=28Xu,. (10)

Therefore, the coverage factor k is
k=28, (11)
consistent with the use of k = 3 as a conservative but not excessive value.
The user of a method then may report the expanded uncertainty U in a concentration
Estimate ¢ using Eq. 8, knowing the accuracy range confidence limit Aosy as reported in

the method. Of course, this approach relies on the sense of double confidence—in the
evaluation and also in the subsequent application.
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Note: The European Assessment of Workplace Exposures Technical Committee, CEN
TC 137, has adopted a similar viewpoint regarding method performance [CEN 2015].
In this case, an overall uncertainty, defined as |bias| + 2 x RSD, is used to quantify
accuracy. When compared to Eq. 6, the overall uncertainty can be regarded as an
approximation to the symmetric accuracy range.

4 Uncertainty and analytical lab procedures

Interest in measurement uncertainty and ISO GUM is currently finding its way into the
criteria for the accreditation of analytical labs [ISO 2005]. The result will no doubt be high
confidence in understanding one component of the combined or expanded uncertainty—
namely the analytical component. Several general approaches to controlling and
characterizing analytical uncertainty in routine lab practices seem reasonable.

a. Validated method adoption

One possibility is for a lab to adopt a published, evaluated method. Such an adoption
would require an initial establishment of the method within the lab’s capabilities.
Equivalence to the published method would be established during this initial phase.
Thereafter, the method’s uncertainty as documented in the original publication would be
claimed for the lab results. Ongoing analysis of a limited number of quality control
samples would provide evidence that the method as implemented in the lab remains
stable.

An example of this approach is the current practice in some labs that handle sorbent tubes
to analyze about 4 lab blanks per set of field samples analyzed. The variability in the blank
results are then continually compared to past lab performance so as to detect problems
which may occur in analysis. Though the small number of degrees of freedom (= 3) does
not give a tight figure on the uncertainty, it nevertheless gives assurance that the method is
stable.

As a specific example of method evaluation data and documentation of an uncertainty
budget, data from » = 16 exposures of diffusive samplers in a controlled environment are
shown in Table 2. The evaluation is somewhat simplified for this example; a more
comprehensive evaluation would also measure effects of wind velocity, humidity,
temperature, and concentration time-dependence (potentially significant to diffusive
monitoring). Analysis of these data can be handled by an ordinary calculator capable of
computing means and standard deviations.
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Note that the uncertainty (TRSD/ Vn, where 1 = 16 is the number of measurements) in
the bias is the value that accounts for residual bias due to imperfect correction. Very
similarly, the uncertainty in the reference concentration is pooled to arrive at a combined
uncertainty. Interestingly, neither of these two contributions corresponds to quantities
that vary during sampler application subsequent to its initial evaluation. The background
for documenting residual (uncorrectable) bias can be seen in Technical Note 2 at the end
of this chapter.

Table 2. Example of method evaluation and uncertainty budget

Evaluation of experimental results

The following are results from a simplified evaluation of a specific diffusive sampler for o-
xylene. There were four experimental runs with four samplers each. The reference
concentration set within the exposure chamber is denoted as C having an assigned (Type
B) relative uncertainty = 1%.

Run ¢ (ppm) replicates (ppm) | = TRSD ;0. [s/C | bids
139.2
138.2
1 123 2.6% 14.0%
138.6
145
108.3
110
2 101.1 1.8% 9.2%
110.7
112.8
14.2
15.3
3 12.7 7.9% 12.2%
12.9
14.6
109
109.2
4 91.3 2.1% 17.8%
107.1
105
Averaging the above bias estimates and pooling the inter-sampler estimates TRSD?,
resultsin: Mean bias estimate: bids = 13.3% from average of 4 x 4 = 16 data points. The

TRSD estimate is TRSDprer = 4.4% having 4 x 3 = 12 degrees of freedom.
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Table 2. Continued
Uncertainty budget

The following includes bias correction by dividing future concentration estimates by (1 +
bias) as in Technical Note 2.

Source Component Category
Inter-sampler 3.9% [=4.4% / (1+.133)] Type A
Bias Correction Uncertainty 0.97% [= 3.9%/ 16] Type A
Ref Concentration Uncertainty ~ 0.5% [1%/ V4, but not /(1 + bids)] Type B
Combined (Relative) Uncertainty U, = V3.9%2 + 0.97%2 + 0.5%2 =  4.0%

Expanded (Relative) Uncertainty U=kXxu,=121% (k = 3).
Notes: Here k = 3.0. A more accurate determination based on the chi-square quantile at

12 degrees of freedom and prob = 0.05, gives k = 2.97, which is consistent with
conventional use of 3 as a conservative value.

Again, an expanded (relative) uncertainty U means that with greater than 95% of future
bias- corrected estimates ¢, true concentrations C are bracketed by:

Ex(1-U)<C< ¢éx(1+0U),

at 95% confidence in the above evaluation experiment. Generally, a quality control
program is required to ensure that the method remains stable following evaluation.

Note that many methods (e.g., those based on sorbent tubes) employ personal sampling
pumps, in which case normally a 5% (Type B) component representing sampling pump
uncertainty would be included in the uncertainty budget.

Note also that the inter-sampler component includes both analytical and sampling sub-
components. Further refinement of the inter-sampler component may perhaps be useful
for improving a method, but is not needed for establishing confidence intervals around
(true) measurand values.

Note further that storage effects require estimating and inclusion in the budget if
considered significant.

b. Pooled quality control results

Another approach utilizes a large number (e.g., 50) of the most recent quality control
sample results. By pooling uncertainty values, a running method evaluation can be
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effected. The result is (1) a direct measure of the analytical uncertainty of the method as
implemented in the lab, and (2) a means of detecting any problems that may creep into a
method during routine use. Note that a running uncertainty average is similar to a partial
method evaluation and not to a method re-evaluation at each measurement because
consecutive running averages are strongly correlated.

This approach is adopted within a current MSHA procedure for the analysis of silica. A
sampling filter is dissolved and re-deposited onto an analysis filter where the silica is
quantified by infrared absorption. From each batch of samples to be analyzed, an analysis
filter is retained for re-dissolution, re-deposition, and re-analysis within a subsequent
batch. The result is a large number of pairs of nearly identical samples, which can give a
running estimate of the method’s analytical uncertainty.

c. Continual method re-evaluation

A third possibility, the closest to the original measurement approach of GUM uses a large
number (e.g., 30) of independent control samples for each application measurement. This
is the most expensive approach, but also may give the best estimate of the analytical
uncertainty, especially in cases where uncertainties may be measurement-dependent.
Because many more evaluative measurements per application measurement are needed,
this approach is not easily implemented for most industrial hygiene applications.

As an example of this approach [ISO 2002], suppose that a lab estimates only a 30-day
average concentration of a given gas or vapor. Further, every day a measurement is taken
of a known calibration gas concentration. Then, if the method is expected to behave
similarly for measurements of gas and field samples calibrations, the 30 control samples
give analytical uncertainty estimates that differ month-to-month and from field
measurement to field measurement.

d. Limit of detection and detection limit

When the concentration is low, approaching the method uncertainty u., concepts of the
limit of detection (LOD) and a related detection limit L, may be useful. LOD is used for
controlling false positives when asserting the presence of a substance. On the other hand,
the detection limit specifies what measurand value (e.g., concentration) is required so that
the false negative rate is negligible when the substance is actually present. The limits can
refer to the analytical measurement only or, as in this section, to the entire sampling and
analytical measurement method.

In the following examples, several often realistic assumptions are made. The standard
deviation in concentration estimates is assumed constant (i.e., independent of the sampled
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concentration), unlike the commonly occurring constant relative standard deviation at
larger concentrations. Also, bias (or uncertainty in its correction) is assumed to be
negligible. More complicated cases generally have specific difficulties that are best be
approached by a statistician.

With these assumptions, in terms of the combined uncertainty u. the limit of detection is
traditionally [Keith et al. 1983; Currie 1997] taken to be:

LOD =3 X u., (12)
and the detection limit may be defined as

Lp =2xLOD. (13)
Note that u. includes the uncertainty associated with correction, if any, with blank
subtractions. See ISO [2009] for a detailed example.

After LOD and Lp have been determined for a method they may be used as follows. A
substance may be asserted as present if an estimate X exceeds LOD. Moreover, if unknown
(true) concentration X exceeds Lp, an estimate X is likely to exceed LOD. Given the above
definitions and assumptions, the false positive rate r on asserting presence is closely equal
to the non-detection rate.

Note: If the combined uncertainty u. is determined from a method evaluation providing
an effective number U (as in Technical Note 2) degrees of freedom, then at 95% confidence
in the method evaluation, the false positive rate r is limited by:

r<1—¢[3>< /"5%] (14)

where ¢ is the cumulative normal function. For example, if v=15, then r < 3.5%.

5 Discussion

The approach presented here to document method accuracy range and uncertainty relates to
the statistical theory [Bartley 2001; Wald and Wolfowitz 1946; Wilks 1941, 1942; Aitchison
and Dunsmore 1975; CEN 2015; Smith 1936; Saterthwaite 1946] of tolerance or prediction
intervals. This theory was originally developed in simplified form to predict the range of
future measurements of a normally distributed random variable on the basis of # initial
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measurements. The initial measurements are analogous to the method evaluation, whereas the
future measurements represent method application subsequent to evaluation.

Because of measurement cost, workplace assessments cannot at present be conducted in such
a way that continual re-evaluation is done at each measurement. The prediction interval
approach given here shows a less costly way to document measurement uncertainty in those
cases where a method has been initially evaluated and then used many times without re-
evaluation. The approach closely follows ISO GUM. Of course, for such an approach to
actually make sense, an adequate quality control program must be instituted so that the
measurement method remains stable during the time of its application following evaluation.

Several generalizations and variations of the material presented in this chapter are possible.
The relative standard deviation and relative bias sometimes depend on the concentration
sampled in a complicated way, requiring special attention. See, for example Currie [1997].
Also, asymmetric confidence intervals are sometimes required. Single-sided intervals are
useful in some instances, e.g., alarm systems, as well as in quantifying limits of detection or
quantitation, described briefly above. Ways to handle environmental influence parameters
may also be complicated. See, for example ASTM [2013a]. In any case, despite the
complexities possible, the examples given in this chapter may help to characterize method
uncertainty in a reasonable manner. For additional examples and explanations, see
Appendices A and D of Components for Evaluation of Direct-Reading Monitors for Gases
and Vapors [NIOSH 2012] and ASTM standards on accuracy and uncertainty [ASTM 2014,
2015].

6 Technical notes
a. Note 1: Example of accuracy range confidence limit:

Suppose it is known that the bias is zero. For example, an exposure standard may be set
that specifies a given sampling and analytical method. In this case, the hazardous
concentration may be said to be operationally defined. Operationally defined methods
include NIOSH Methods 7400 and NIOSH 5040.

If the bias is zero, Eq. 6 simplifies to:
A =1.960 x TRSD.

Furthermore, if the relative standard deviation is estimated as TRSD with v degrees of
freedom (computed using the Smith-Satterthwaite approximation [ISO 2010; Hald 1952;
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Wald 1942] if TRSD has more than one component), then the 95% confidence limit on
TRSD is:

TRSDgsy, = TRSD X |—5—,

Xv,0.05

where x7 o5 is a 5% quantile value for the chi-square distribution, which can be read from
a table in most elementary statistics texts. This determines the 95% confidence limit on the
accuracy range itself as:

A v
Agsy, = A X ’ z -
Xv,0.05
v

Ifv=15, |—— giving coverage factor k = 2.8 (Eq. 11).

Xv,0.05

Note that TRSDesy, can be interpreted as a conservative estimate of TRSD and therefore can
be treated as a Type B uncertainty with infinite number of degrees of freedom as described
following Table 1.

b. Note 2: Single-evaluation correction of bias:

Details are given here illustrating the tolerance interval approach, bias correction,
imprecise reference concentrations, and the use of the symmetric accuracy range function.
The derivation is not entirely general, but is given here for guidance in handling the
myriad possibilities in measurement uncertainty. Though the derivation is slightly
complicated, the result obtained is simple.

Suppose that estimates ¢ having an as-yet-unknown constant bias relative to true
concentrations C (not necessarily constant) may be modeled as:

¢ =C-[1+ bias+ €],
where the random variable € is approximately normally distributed about zero with
variance TRSD”. For evaluating the method, assume that reference concentration

measurements C can be made simultaneously and modeled by:

C=C-[1+4]
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where &, has variance TRSD?, s assumed known accurately. Measure 7 values of the

ratio 9:

0 ===1+ bias + &,

[N et

and compute estimates bids and TRSD? at v= n—1 degrees of freedom, where the
approximately normally distributed random variable &, has variance TRSD? given by:

TRSD? = TRSD? + (1 + bids)*x TRSD?, ¢
(to the order of TRSD, neglecting Cauchy effects of reciprocals of random variables).

Future bias-corrected measurements X’ of unknown concentration X can be defined in

terms of raw measured values X as:
-~ _ x
= 1+bias
The residual corrected bias’is then given by:

bias—bids

bias' = —
1+bids

If n is large enough, |bias’| will be small enough that the corrected symmetric accuracy
range A’ can be accurately approximated (Eq. 6) as:

12 a?1.9602
(1+bids)? ’

where the unknown a? is:
a? = (bias — bids)? + TRSD?,

whose confidence limit is now required.
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First note that the expected value of the first term is:

E[(bias — bids)?] = TR2¢

Therefore, an estimate a2 for a? can be constructed as:

9 _ TRSDC

+ TRSD?

a
TRSD? = TRSD? — (1 + bids)? x TRSDZ; .

Expressed in terms of TRSD?, a2 is:

(1 + bids)? x TRSD .

Each term can now be identified, forming the basis for an uncertainty budget: the first is
the (uncorrected) method uncertainty (squared); the second and third reflect the bias-
correction uncertainty owing to finiteness of the validation experiment and the
uncertainty in the reference concentration (as here measured » times).

A confidence limit aﬁ at confidence level f (e.g., 95%) on @’ is now constructed using G?:

where the constant K is to be determined so that
prob{aj < a*}=1-B.

First of all, the distribution of 2 is approximated as chi-square:

42

2
effE[ 2] =X

where v,z is determined as with the Smith-Satterthwaite [Keith et al. 1983; Currie 1997]
approximation, forcing variances to agree; often v = n — 1.
Now,

aﬁ <a’eoa’<K™?
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or, in other words:

Ueff(K_Zaz)

2
X< =i

[Note that, E[@?] = E[a?], but # a?unlike Technical Note 3.]

Remembering that a* depends on the estimate bi@s, K is given as a solution of the

following integral equation:
Verp K20~ JE[a?]

+00
1-p= f dbias P[bias]| J dXszeff[Xz]
— 0

=2
= [Y ax?p,,, [x*] x (1 + 0[1/n?]),

where the correction O[1/n?] is easily proved by expanding the integrand about TRSD?
in(bids — bias)?. Therefore, the following simple asymptotic expression for K? results:

K2 ~ Veff
> :
Xi-Bery

Thus, the coverage factor k is approximated as:

k ~1.960 <L,
Xi-Boesy

which is less than and close to 3.0, if the effective number of degrees of freedom v, f>12,
and =0.95.

In summary, the bias uncertainty is pooled together with the uncertainty components in
TRSD?. It should be remembered, however, that only TRSD refers to quantities, which vary
at each of the future measurements following the initial evaluation.

c. Note 3: Characterizing effects of uncorrected bsas:.

If the systematic error (bias) is non-zero, confidence limits on the accuracy range A may
be approximated as follows. The Smith-Satterthwaite approximation is generalized in
approximating estimates A in terms of a chi-square random variable y2 for the two cases

in Eq 6 by:
A _ /xf, el RSD
A v ,if Ibias| < 1.645’
A 2 .
-= X—”, otherwise
A v
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2
The effective number of degrees of freedom v is determined by forcing the variance of AV

.- -
to reproduce the estimated variance of A~ or 4 in their respective cases:

24
V=ar [42]’ ,if |bias] < 1645’

2

24 .
v = — , otherwise
var[A]

Calculation of var [Az] or var [/i] is generally straightforward and depends on specifics
of the evaluation experiment and on significant influence parameters. The confidence
limit Aosy is then determined as in Eq 9:

RSD
Agso, = A X /X005u if |bias| < oo

~ v .
Agsy, = A X ————, otherwise
Xo0.05,v

This expression has been found [Bartley and Irwin 2002] quite accurate, exhibiting
negligible effects from the discontinuity: The chi-square approximation is expected to be
worst when |bias|is large relative to TRSD. As an example, suppose the uncertainty has
the following components: 5% from pump error and also a 5% analytical relative standard
deviation. Suppose bias = 20%. Suppose bias and the analytical uncertainty are measured
with v = 15 degrees of freedom. Then 10,000-point simulations indicate that the calculated
Aosy is slightly conservative, giving 96% confidence.

Disclaimer

Mention of any company or product does not constitute endorsement by NIOSH. In addition,
citations to websites external to NIOSH do not constitute NIOSH endorsement of the
sponsoring organizations or their programs or products. Furthermore, NIOSH is not
responsible for the content of these websites. All web addresses referenced in this document
were accessible as of the publication date.
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8 Terminology

A — symmetric accuracy range, relative (%) range of 95% of a method’s measurements about
the (true) measurand

Aogsys — 95% confidence limit on the symmetric accuracy range
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bias — mean concentration estimate bias relative to the (true) measurand
bids — bias estimate

¢ — concentration estimate

C— true concentration

C — reference concentration (estimate)

k — coverage factor, a constant containing confidence information for obtaining the
expanded uncertainty U as a factor of the combined uncertainty u.

Lp— detection limit (for controlling false negatives)
LOD — limit of detection (for controlling false positives)
n — number of measurements in a method evaluation
sz — unbiased estimate of variance ajz
sz — jth population variance component

TRSD— (true) relative standard deviation

u;— jth uncertainty component, an estimated standard deviation

u— combined uncertainty, pooled uncertainty components

U— expanded uncertainty, a value giving intervals bracketing the (true) measurand at given
confidence in the measurement and method evaluation

U— degrees of freedom in an estimate
Xo 005 — chi-square quantile. This quantity by definition exceeds the chi-square
variable at probability = 5%. Note that many tables use the notation xz o o5

for this quantity.

In general, hats represent estimates. Primes indicate bias-corrected quantities.
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1 Choosing measurement methods and sampling
media

In choosing methods for sampling of chemical and biological agents related to occupational
exposures, thorough advance planning is required. Proper planning minimizes sampling and
measurement costs while enabling the collection of high-quality data. Many criteria must be
considered before collecting field samples from workplaces [ASTM International 2014]. The
first step is to define the sampling objectives. These may include: a) documenting exposures in
particular work settings; b) assessing compliance/non-compliance with existing regulatory or
recommended occupational exposure limits (OELs); and/or ¢) determining sources of
airborne contaminants. Sampling parameters that should be considered might include: a) type
of sample (area vs. personal); b) contaminant(s) to be sampled; c) physical nature of airborne
sample (vapor and/or aerosol); d) duration of sample collection; e) potential interferences;
and f) estimated contaminant concentrations. Once these parameters are established, the
suitable analytical method(s) and sampling media can be selected. For instance, when
sampling for aerosols, the relevant particle size fraction to be sampled must be taken into
account. Other general information needed to properly plan a sampling campaign include: a)
the number of employees; b) the sampling strategy plan (discussed later); c) process flow
diagram; d) safety data sheets on all process materials; and e) potential hazards involved in
collecting and shipping field samples.

An accredited analytical laboratory should be used to conduct analysis of collected samples,
and it is essential to consult with the analytical laboratory before sampling to ensure that the
measurement methods available can meet the defined measurement needs. Consultation with
the laboratory should be an early part of survey planning. The laboratory can also assist in
choosing sampling media that are compatible with the sampling needs and the measurement
methods available. The APPLICABILITY sections of the individual methods in NMAM can
be helpful in choosing which of the available methods is best for a particular situation. Apart
from NIOSH methods, methods from other organizations such as OSHA, ASTM
International and ISO may be appropriate [Ashley 2015].

Whether through consultation with the laboratory or as cited in the relevant measurement
method, the sampling media will be specifically identified. Methods will specify parameters
such as: a) pore size and type of filter (for aerosol collection); b) concentration and amount of
liquid media required (e.g., for impinger sampling or impregnation of filters); and c) type and
amount of solid sorbent (for collection of gases / vapors); see below for common types and
characteristics of various sampling media.
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The physical state(s) of the contaminant(s) being sampled may also be a factor in determining
the media required. In the case of polyaromatic hydrocarbons (PAHs), for example, the
correct sampler consists of a membrane filter to collect particulate matter and a solid sorbent
tube to trap the vapors of certain PAHs so that total collection is assured. Also, for sampling
of gases and vapors, it is generally necessary to mount a prefilter in front of the gas/vapor
collection media in order to trap aerosols that might otherwise interfere with subsequent
analysis of target analytes.

The sampling pump used to collect the sample must also be compatible with the sampling
needs and the media used. Specifically, the pump must be capable of maintaining the desired
flow rate over the time period needed using the sampling media specified. Some pumps may
not be able to handle the large pressure drop of the media. This may be the case for fine mesh
solid sorbent tubes, small pore size filters or when attempting to take a short-term sample on a
sorbent tube of a higher than normal pressure drop at higher flow rates. As a rule of thumb,
higher-flow pumps (>1 L/min) can handle at least 3 kPa pressure drop at 1 L/min for 8 h.
Some pumps can handle up to 7.5 kPa pressure drop at flows up to 5 L/min. Most low flow
pumps (0.01 to 0.2 L/min) can handle the pressure drops of available sorbent tubes without
problems, except that the nominal flow rate may decrease for certain models. All pumps
should be calibrated with representative sampling media prior to use. It is good practice to
check the pump calibration before and after use each day. As a minimum, calibration should
be done before and after each use.

2 Types and uses of solid sorbents™ veicher 19871
a. Activated charcoal

By far the most commonly used solid sorbent is activated charcoal. This sampling medium
is characterized by a very large surface area to weight ratio. It has a reactive surface and
high adsorptive capacity. This surface reactivity means that activated charcoal is not useful
for sampling reactive compounds (e.g., mercaptans, aldehydes) because of poor desorption
efficiency. The high capacity, however, makes it the sorbent of choice for those
compounds that are stable enough to be collected and recovered in high yield.
Breakthrough capacity is a function of type (source) of the charcoal, its particle size and
packing configuration in the sorbent bed. Humidity may affect the adsorption
characteristics as well.

*NOTE: Solid sorbents are used for the collection of vapors only. Aerosols are
notcollected effectively by most sorbent beds, but may be collected by other components
of the sampler (e.g., a prefilter).
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b. Silica gel

Silica gel is less reactive than charcoal. In part because of its polar nature, coated silica gel
has been shown to be effective for sampling airborne ketones and aldehydes [Tejada 1986;
Garcia-Alonzo and Pérez-Pastor 1998].

c. Porous polymers
Porous polymers feature lower surface area and much less reactive surface than charcoal.
Adsorptive capacity is, therefore, generally lower, but reactivity is much lower as well.

d. Synthetic sorbents
Synthetic carbonaceous sorbents demonstrate properties midway between charcoal and
porous polymers.

e. Coated sorbents

Coated sorbents are those upon which a layer of a reagent has been deposited. The
adsorptive capacity of such systems usually approaches the capacity of the reagent to react
with the particular analyte of interest [Kennedy 1988].

f. Molecular sieves

Zeolites and carbon molecular sieves retain adsorbed species according to molecular size.
A limiting factor is that the water molecule is of similar size to many small organic
compounds and is usually many orders of magnitude higher in concentration than the
species of interest. This unfavorable situation may result in the displacement of the analyte
by water molecules. Drying tubes may be used during sampling to eliminate the effects of
humidity [Langhorst 1983].

g. Thermal desorption

Thermal desorption tubes may contain several different sorbents in order to collect a wide
range of different chemical agents [Hodgson et al. 1988]. These tubes are generally used in
situations where unknown chemicals or a wide variety of organics are present, e.g., in
indoor environmental air quality investigations. Subsequent analysis is often by gas
chromatography/mass spectrometry (GC/MS).
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3 Types and uses of aerosol samplers
[Baron 1998]

a. Membrane filters

By far the most frequently used as sampling media for aerosols are membrane filters. This
class of filters includes those made from polyvinyl chloride, polytetrafluoroethylene
(PTFE), copolymers, and mixed cellulose esters (MCE). Filters from this class are used for
sampling airborne particles such as asbestos, crystalline silica, particulate PAH’s, particles
not otherwise regulated, and elements for atomic spectrometric analysis.

b. Glass and quartz fiber filters

Quartz filters have replaced glass fiber in many applications. They are used in applications
such as sampling for mercaptans and diesel exhaust. Impregnated quartz filters are often
used to sample reactive aerosols.

c. Polycarbonate straight pore filters
Because of their characteristics, polycarbonate filters are good for the collection of
particles to be analyzed by electron microscopy and x-ray fluorescence.

d. Respirable dust samplers

Cyclone samplers are used to collect airborne respirable dust. For instance, a high-flow
cyclone attached to a sampler containing a polyvinyl chloride filter is used to collect
respirable crystalline silica.

e. Inhalable dust samplers

Various samplers have been designed and/or evaluated for collecting samples of inhalable
airborne particles. For example, the Institute of Occupational Medicine’s (IOM) sampler

is used, in conjunction with a polyvinyl chloride filter, for sampling formaldehyde on dust
[NIOSH 1994a].

4 Factors affecting the collection of gases, vapors,

an d aerOSOIS [Hebisch et al. 2009; Jones 1994; Baron 1994; Kulkarni et al.
2011]

a. Temperature

Since adsorption is typically exothermic, adsorption is generally reduced at higher
temperatures. Additionally, if there is a reaction between an adsorbed species and the
surface, or between two or more adsorbed species (e.g., hydrolysis or polymerization), the
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rate of such reactions increases at higher temperatures. The temperature stability of a filter
must be considered when sampling in hot environments.

b. Humidity**

Water vapor is adsorbed by polar sorbents; their breakthrough capacity for the analyte is
thereby reduced for most organic compounds. However, for water-soluble compounds,
the breakthrough capacity is increased, e.g., for chlorine and bromine [Cassinelli 1991]
and formaldehyde [NIOSH 1994b]. This effect varies from substantial for more polar
sorbents, such as charcoal and silica gel, to a smaller effect for synthetic carbonaceous and
porous polymers.

Filter media may also be affected by humidity; moisture may affect a filter’s collection
efficiency. Very low humidities (<10% RH) may make some filters (e.g., MCE) develop
high charge levels, causing non-uniform deposits and repulsion of particles [Chen and
Baron 1996]. Water absorption by some filters (e.g., MCE) can cause difficulty in
obtaining tare weights for gravimetric analysis; thus weight-stable filter materials must be
used for this application.

c. Sampling flow rate**/face velocity

Breakthrough volume of a solid sorbent bed tends to be smaller at higher sampling flow
rates, particularly for coated solid sorbents. For sorbents such as charcoal, whose
breakthrough capacity for most organic compounds can be significantly reduced by high
humidity, lower sampling flow rates may actually result in smaller breakthrough volumes
[Foerst 1979]. The collection efficiency of membrane filters will change with face velocity.

d. Concentration**

As the concentration of contaminant in air increases, breakthrough capacity (mg
adsorbed) of a solid sorbent bed increases, but breakthrough volume (L of air sampled)
decreases [Foerst 1979]. The effect of concentration is similar for filters.

**NOTE: It is important to distinguish between equilibrium (saturation) adsorptive
capacity and kinetic (breakthrough) adsorptive capacity of the solid sorbent. Breakthrough
capacity is the important characteristic in actual sampling situations; it may be affected
significantly by sampling flow rate and relative humidity of the air being sampled and may
be significantly less than saturation capacity, which is not dependent on sampling flow rate
or relative humidity.
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e. Particle characteristics

Filter collection efficiency is a function of effective pore size [Lee and Ramamurthi 1993].
Particles smaller than about 0.2 um are collected primarily by diffusion, while particles
larger than about 0.2 um are collected primarily by impaction and interception. Most
sampling filters are highly efficient (>95%) for all particle sizes, with the minimum
efficiency in the 0.2 um size range. Polycarbonate straight pore filters exhibit poor
collection by diffusion, so particles smaller than the pores are not collected efficiently.

f. Filter considerations

The pressure drop of a filter can limit the sampling time because of the load on the
personal sampling pump [Breuer 2012]. In addition, pressure drop increases with dust
loading on the filter [Lippman 1995]. Fine particles (<0.5 um) will increase the pressure
drop much faster than coarse particles (>10 pm). Heavy loading (> about 2 mg) may result
in poor adhesion of collected particles to the filter surface.

5 Establishing sampling parameters

Once the sampling media and measurement method are chosen, the specific sampling
parameters need to be determined [Eller 1986; ASTM International 2013]. For most methods,
this will not pose a problem as the flow rate recommended in the method can be used for the
desired sampling period, e.g., 1 to 5 L/min for 8 h for most aerosols or 10 to 200 mL/min for
8 h for most sorbent tube samples. It is necessary to consider the applicable OEL for short-
term (e.g., 15 min) or long-term (e.g., 8 h) time-weighted average (TWA) sampling.
Generally, the parameters which must be considered are flow rate, total sample volume,
sampling time (tied into the two previous parameters), and limit of quantitation (LOQ). Some
of these variables will be fixed by sampling needs, e.g., sampling time or by the measurement
method of choice (LOQ or maximum sampling volumes). The choice of these variables can
best be explained through the use of the following examples.

a. Sampling for gases and vapors using solid sorbents
NIOSH Method: 1453 for Vinyl Acetate [NIOSH 2013]
Recommended Sample Volume: 1.5-24L
Applicable Range: 0.07 to 46 mg/m? (0.02 to 13.1 ppm)
NIOSH REL: 14 mg/m?® (4 ppm) - Ceiling
17.5 mg/m* (5 ppm) - (European OEL) TWA
Recommended Flow Rate: 0.05 to 0.2 L/min
Breakthrough Time: 30 min @ 0.2 L/min and 150 mg/m?®
Breakthrough Capacity: 9 mg
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Suppose it is desired to determine both ceiling and TWA exposures of workers exposed to
vinyl acetate and the concentrations are unknown.

1.) Ceiling Determination:
If sampling were done at 0.2 L/min for 30 min and a total sample volume of 6 L
collected, would this present a breakthrough problem? Probably not, since
breakthrough tests were carried out in concentrations ca. 10x above the NIOSH
Ceiling value [NIOSH 2013]. In the breakthrough test, a concentration of 10 times the
NIOSH Ceiling value (150 mg/m?) was sampled at 0.2 L/min for 30 min (6 L) before
breakthrough occurred, collecting a total weight of 9 mg of vinyl acetate. This test was
conducted in a humid environment with only vinyl acetate present. A safety factor of
50% should normally be allowed to account for humidity effects. Thus, if sampling is
done for about 15 min at 0.2 L/min, levels of vinyl acetate up to 40 ppm could still be
collected without sample breakthrough.

Also to be considered are the other organics present. If a concentration of 200 ppm
acetone exists in this environment, then an additional safety factor should be added.
An arbitrary 50% reduction in sampling rate at 0.1 L/min might be done. With the
safety factors built in, collecting a 6-L sample should be acceptable.

2.) TWA Determination:
In a similar situation, the goal is to collect 8-h samples for comparison to the 5 ppm
TWA [NIOSH 2013]. If sampling were done at 0.1 L/min, then the total sample
volume would be 48 L, substantially above the 24-L recommended sample volume. If
the flow was dropped to 0.05 L/min, then the sample volume would be halved (to 24 L,
the maximum recommended in the method). This sample volume might be acceptable
if the vinyl acetate concentrations are around 10 ppm and no other competing
organics are present, e.g., acetone. However, the safer approach would be to collect two
consecutive samples at 0.05 L/min for 4 h (total sample volume of 12 L each).

b. Pushing a method to the limit— limit of quantitation
NIOSH Method 1009 for Vinyl Bromide (VB) [NIOSH 1994c]
Recommended Sample Volume: <10 L @ 0.20 L/min or less
Working Range: 0.3 to 33 ppm (1.3 to 145 mg/m?®) for a 6-L air sample;
this equals 8 to 355 pg VB per tube
Limit of Detection: 3 ug VB per tube

In this particular example, let us say that the object is to estimate exposure down to 0.1
ppm (0.44 mg/m?), which is below the working range. In order to collect 8 pg of vinyl
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bromide (the limit of quantitation) at this concentration, 20 L of air will have to be
collected. This volume is substantially above the maximum recommended sample volume
of 10 L. Since the recommended sample volume is generally a conservative value used to
protect against breakthrough under worst case conditions (i.e., high humidity and high
concentrations), considerable leeway exists for the size of the air sample. In this example,
the 20-L air samples should be taken at 0.2 L/min or lower, and the possibility of
breakthrough should be monitored by observing the relative amounts of analyte on the
backup sections of the samples.

The best approach is to consult with the analytical laboratory and then to take a sufficient
number of samples to determine the useful limits of the sampler in the particular
application. The presence of high relative humidity and other organic solvents will
severely reduce the number of active sites available on the sorbent for collection of the
contaminant of interest (with concomitant breakthrough a concern). In pushing a method
to the limit, it is often necessary to sample beyond the breakthrough volume, normally
while observing recommended maximum sampling flow rate, in order to obtain the
sensitivity to determine the concentration of interest. If this is done, then the risk must be
accepted that the method may not apply outside the limits tested.

c. Sampling for aerosols using a filter

NIOSH Method 7908: Non-volatile Acids (Sulfuric and Phosphoric Acids)
[NIOSH 2014]

Recommended Sample Volume: 15-2000 L

Applicable Range of the Method: 0.010 to > 10 mg/m?

NIOSH REL: 1 mg/m® (H;PO,) (TWA); 3 mg/m® (STEL)

Recommended Flow Rate: 1to 5 L/min

Suppose it is desired to determine both an exposure taking place during a specific 15-
minute operation as well as a TWA exposure of workers exposed to phosphoric acid, and
the concentrations are unknown.

1.) 15-Minute Process Sample:
This sample would meet the method conditions by sampling for the 15 minutes at
5 L/min, since this would collect 75 L. Sampling at 1 L/min for 15 minutes would
probably not allow for the collection of sufficient sample required for analysis.
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2.) TWA Determination:
In this situation, it is necessary to collect an 8-h sample to compare with the 1 mg/m’
NIOSH REL. Since an 8-h TWA sample covers 480 minutes, sampling can no longer
be done at 5 L/min since this would collect >2000 L, in excess of the upper
recommended sample volume. Sampling at 1 L/min would collect a 480 L sample, and
sampling at 2 L/min would collect a 960 L sample: both acceptable per the conditions
of the method.

6 Bulk samples

The collection of bulk samples can often assist with air sampling efforts. This is especially true
where there is mixed solvent exposure or unknown dust exposure, and for determining silica
content of dusts. The primary purpose of obtaining bulk samples is to provide the analytical
laboratory with a large enough sample for qualitative and sometimes quantitative analysis.
The two main types of bulk samples are bulk air and mass bulk (liquid or solid) samples.

a. Bulk air samples

Generally, a bulk air sample is defined as a large volume area sample collected for the
purpose of qualitative analysis. A good example is a multiple solvent exposure where the
exact identity of the airborne solvents is unknown, e.g., painting operations. For most
organic solvents, a bulk air sample consists of a sorbent tube collected at 1 L/min for an
hour or more. Although the sample is likely to exhibit breakthrough, this does not matter
since one is primarily interested in identifying which substances are present rather than
their exact concentrations (the latter aim is accomplished through the separate collection
of air samples in accordance with defined method parameters). Any questions concerning
how or whether or not a bulk air sample is needed should be addressed to the analytical
laboratory prior to sampling. In the case of silica sampling, either a bulk air or solid bulk
sample (e.g., a deposited sample) or both are suggested so that enough material will be
available to determine free silica content.

b. Bulk liquids and solids

Collection of bulk materials may be needed to identify the substances present in the
workplace and, in some cases, to estimate the relative levels of certain substances present
in the raw material. A good example of the latter is the case of mixed solvent exposure
when determining whether a certain contaminant of interest is present, e.g., benzene. In
some cases, up to 30 solvents may be present, but their identities and proportions are not
certain. This example is also true for dusts, as was discussed previously for silica, and for
metals, which may exist in trace quantities.
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In choosing bulk samples for collection, the end goal must be considered: qualitative
and/or quantitative analysis. Any information that can be given to the laboratory on what
may or may not be present will help with the analysis. Advance consultation with the
laboratory is desirable. In choosing bulk dust samples, the sample should be representative
of the airborne dust to which the workers are being exposed. Usually this is a settled dust
sample collected from locations near the workers' job site. In other cases, a process dust
sample may be chosen to determine the composition of the material before it becomes
airborne.

When shipping bulk samples, care must be taken to preserve the integrity of the samples
and to follow established shipping regulations. If applicable, hazardous shipping
procedures must be followed. Consult with an experienced hazardous goods shipper to
determine appropriate protocol. Only 5 to 10 mL of the liquid or 10 to 100 mg solid is
typically needed, so generally bulk sample sizes are kept small. It is important to consult
with the laboratory before collecting bulk samples to ensure proper sample size and
containers. In general, leak-proof glass containers are best since they will not react with
most chemicals; however, polyethylene containers can be used in the majority of cases. A
convenient container is a 20-mL scintillation vial with PTFE-lined cap. Specific chemicals
for which polyethylene containers should not be used include aromatic compounds,
chlorinated hydrocarbons and strong acids. The lids of the containers should be sealed
with shrink bands or tape for further assurance against leakage. Specific restrictions and
labeling requirements should be checked prior to shipping any samples.

In the case of volatile bulk samples (and some air samples), consideration should be given
to shipping the samples on dry ice or with bagged refrigerant (e.g., "blue ice"). Do not ship
volatile compounds together with air samples. Specific labeling is usually required when
dry ice is used in shipping.

1 Blanks

Certain numbers of blanks are required by the analytical laboratory for each set of samples to
be analyzed. The specific method being used should be consulted concerning the number and
type of blanks required. There are two types of sampler blanks: field and media blanks. Field
blanks are clean samplers taken to the sampling site, handled in the same way as the air
samples, except that no air is drawn through them. Media blanks are simply unopened, new
samplers which are sent to the laboratory with the field samples (these blanks are not usually
taken to the field). It is also recommended that additional blind field blanks be sent along with
the field samples, and labeled as field samples, as a further check on the analysis. Blanks are
good insurance to deal with contamination, but the best approach is to avoid sample
contamination by using careful sampling protocols. The general recommendation for the
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number of field blanks is three field blanks for each batch of samples. Media blanks should
also be included. These unexposed, unopened samplers are used to give an estimate of media
background. The laboratory should analyze at least three (3) media blanks from the same lot
as the field samples. This number should be increased for media which are coated or
impregnated with reagent. Again, it is crucial to consult the specific method for the number
and type of blanks as these numbers will vary. Another recommended practice is to include
blind spiked samples as quality control checks of the analytical laboratory.

8 Direct-reading methods [pearce and Coffey 2011]

The variety of types of direct-reading methods available is large and expanding, including
detector tubes (both short- and long-term), aerosol monitors, passive monitors for certain
gases and portable instrumentation for gas chromatography or infrared spectrometry [Todd
1997]. Many direct-reading instruments now used for personal or area measurements have
evolved from laboratory or process control instruments [Woebkenberg and McCammon
1995; Todd 1997]. Some direct-reading instruments are screening devices while others give
quantitative result and can be used for compliance purposes [Song et al. 2001; Ashley et al.
2002].

Some of the considerations (e.g., specificity and sensitivity) for the use of direct-reading
methods for quantitative determinations are similar to those already given for filter or sorbent
sampling and analytical methods. In many cases, direct-reading instruments, which are
physically small and portable, qualify as personal sampling devices.*** These offer the
additional advantages over classical methods by reducing labor and analytical costs and may
be the methods of choice when instantaneous results are important, even at the expense of
some degree of sensitivity or specificity. In general, manufacturers' instructions should be
followed in the calibration and use of these devices. Because of the severe conditions to which
direct-reading instruments may be subjected, performance checks and preventive
maintenance on a periodic basis or before each use are very important. Many direct-reading
instruments are powered by batteries which can fail to provide a full charge over the full
sampling period unless frequently or fully discharged and recharged several times just prior to
use. An additional responsibility, i.e., that of field calibration of the direct-reading instrument,
falls on the field sampling personnel.

“**NOTE: Portable instrument are generally described as weighing less than 5 kg and

powered by self-contained batteries [Ashley 2003]. For personal monitoring, the instrument
configuration should be such that the breathing zone can be monitored.
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9 Sampling Strategy

To obtain the maximum amount of information during the course of a sampling campaign
with a minimum number of samples, a statistical sampling strategy should be developed
before conducting any study [Leidel et al. 1977; ASTM International 2013]. Several pieces of
information must be known in advance to plan a sampling strategy, including the size of the
workforce to be sampled, the accuracy of the sampling and measurement method to be used
and the confidence one wishes to have in predicting the occupational exposures.

For example, to determine with 90% confidence that at least one worker from a workplace
subgroup will be in the top 10% of the exposures occurring in the group, the number of
employees to sample would be chosen from the scheme below. (Other figures are applicable
for confidence limits of 95% and for the top 20% of exposures.) Again, judicious use of
sampling statistics will optimize the number of samples needed.

Table 1. Minimum sample size (n) for including (@ 90% confidence level) at least one high
risk employee* [Leidel et al. 1977]

Size of employee group (N)

112(3/4|5|6|7|8|9|10]11-|13-|15-|18-|21-|25-|30-|39-]|40- |50+
12 (14 |17 |20 |24 |29 |37 |29 |49

Minimum number of measured employees (n)

4 Exposure in highest 10% of N.

10 Sampling and calibration techniques

The following are suggested general techniques for active sampling using some of the more
common samplers. These instructions elaborate on those given in NIOSH methods. Consult
individual methods for details regarding sample size.

a. Calibration of personal sampling pumps

The accuracy of determining the concentration of a toxic substance in air is no greater
than the accuracy with which the air volume is measured. Therefore, accurate calibration
of the airflow rate through the sampling train is necessary. Ordinarily, pumps should be
calibrated in the laboratory and the field, both before field use and after each field
sampling campaign.
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The choice of a reference instrument will depend on where the calibration is to be
performed. For laboratory use, primary standards, such as a spirometer or soap-bubble
meter, are recommended [Okladek 1988]. Several electronic soap-bubble calibrators and
dry-cell calibrators are commercially available as primary calibrators. Other instruments,
such as a wet-test, mass-flow or a dry-gas meter, may be used. The following instructions

are for the soap-bubble meter. If another calibration device is used, equivalent procedures
should be followed.

1.) Set up the apparatus as shown in Figure 1.

2.) Ensure that the rechargeable batteries will power the pump for the entire sampling
interval by one of the following methods: 1) run the pump for that length of time,
checking for satisfactory operation; or 2) test the battery independently of the pump
using a current capacity tester [Kovein and Hentz 1988]. Fully recharge the batteries.

3.) Turn the pump on and moisten the inner surface of the soap-bubble meter with the
soap solution. Draw bubbles upward until they travel the entire length of the buret
without breaking.

4.) Adjust the pump to the desired nominal flow rate. Check the water manometer. The
pressure drop across the sampler should not exceed 2.5 cm Hg of water.

5.) Start a soap bubble in the buret and, with a stopwatch, measure the time that it takes to
traverse two calibration marks. For a 1000-mL buret, a convenient calibration volume
is 500 mL. Repeat the determination at least twice more. Average the results and
calculate the flow rate by dividing the calibration volume by the average time.

6.) Record the following data:
a. volume measured
b. elapsed time
c. pressure drop
d. air temperature
e. atmospheric pressure
f. serial number of the pump
g. pump model
h. date and name of operator.
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7.) If the sampling pump used for sample collection uses a variable area flow meter
(rotameter) for flow rate indication, the calibrated flow rate must be adjusted for the
actual air pressure and temperature during sampling [Okladek 1988]. The expression
for this correction is as follows.

NOTE: This correction is not used for non-rotameter sampling pumps.

V (Corrected volume, L) = Q t (P.Ts /P,T.) 0.5 where:

Q = indicated flow rate (L/min)

t = sampling time (min)

P. = pressure during calibration of sampling pump (kPa)
P, = pressure of air sampled (same units as P.)

T. = temperature during calibration of sampling pump (K)
T, = temperature of air sampled (K).
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Figure 1. Calibration Apparatus

b. Sampling instructions for solid sorbent tube sampler

Use these instructions for active personal sampling (i.e., pumped sample airflow) for
substances which are retained on solid sorbents such as activated charcoal, silica gel,

porous polymers, etc.
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1.) Calibrate each personal sampling pump at the desired flow rate with a representative
solid sorbent tube in line. Use a bubble meter or equivalent flow measuring device.

2.) Break the ends of the solid sorbent tube immediately before sampling to provide an
opening at least one-half of the internal diameter at each end.

3.) Connect the solid sorbent tube to a calibrated personal sampling pump with flexible
tubing with the smaller sorbent section (backup section) nearer to the pump. Do not
pass the air being sampled through any hose or tubing before entering the solid
sorbent tube. Position the solid sorbent tube vertically during sampling to avoid
channeling and premature breakthrough.

4.) Prepare the field blanks at about the same time as sampling is begun. These field
blanks should consist of unused solid sorbent tubes from the same lot used for sample
collection. Handle and ship the field blanks exactly as the samples (e.g., break the ends
and seal with plastic caps) but do not draw air through the field blanks. A minimum of
three field blanks are normally required for each batch of samples.

5.) Take the sample at an accurately known flow rate as specified in the method for the
substance and for the specified air volume. Typical flow rates are in the range 0.01 to
0.2 L/min. Check the pump during sampling to determine that the flow rate has not
changed. If sampling problems preclude the accurate measurement of air volume,
discard the sample. Take a minimum of three replicate samples for quality control for
each set of field samples.

6.) Record pertinent sampling data including location of sample, times of beginning and
end of sampling, initial and final air temperatures, relative humidity and atmospheric
pressure.

7.) Seal the ends of the tube immediately after sampling with plastic caps. Label each
sample and blank clearly with waterproof identification.

8.) Pack the tubes tightly with adequate padding to minimize breakage for shipment to the
laboratory. In addition to the sample tubes and field blanks, ship at least six unopened
tubes to be used as media blanks and three additional tubes so that desorption
efficiency studies can be performed on the same lot of sorbent used for sampling.
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9.)

C.

Ship bulk samples in a separate package from the air samples to avoid contamination
of the samples. If applicable, hazardous shipping procedures must be followed.
Consult with an experienced hazardous goods shipper to determine appropriate
protocol. Suitable containers for bulk samples are glass with a polytetrafluoroethylene
(PTFE)-lined cap, e.g., 20-mL glass scintillation vials. It is important to consult with
the laboratory before collecting bulk samples to ensure use of proper sample size and
containers.

Sampling instructions for filter sampler

Use these instructions for personal sampling of inhalable aerosols. Methods requiring

these instructions specify FILTER as the sampling method. These instructions are not

intended for respirable aerosol sampling.

1.)

2)

3.)

4.)

5.)

Calibrate the personal sampling pump with a representative filter in line using a
bubble meter or equivalent flow measuring device.

Assemble a filter or internal capsule in a cassette filter holder. Support the filter by a
cellulose backup pad or stainless steel screen. Close the filter holder to ensure that its
parts mate evenly and securely to prevent leakage [Frazee and Tironi 1987]. Seal the
filter holder with plastic tape or a shrinkable cellulose band.

Remove the filter holder plugs and attach the filter holder to the personal sampling
pump with a piece of flexible tubing. Position the filter holder in the worker's personal
breathing zone, with the sampler inlet pointed downwards.

Prepare the field blanks at about the same time as sampling is begun. These field
blanks should consist of unused filters (or internal capsules) and filter holders from the
same lot used for sample collection. Handle and ship the field blanks exactly as the
samples, but do not draw air through the field blanks. Three field blanks are required
for each batch of samples.

Sample at the prescribed flow rate (usually 1 to 5 L/min) until the recommended
sample volume is reached. Set the flow rate as accurately as possible (e.g., within + 5%)
using a calibrated flowmeter. Take three replicate samples (minimum) for quality
control for each set of field samples.
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6.)

7.)

8.)

d.

Observe the sampler frequently and terminate sampling at the first evidence of
excessive filter loading or change in personal sampling pump flow rate. (It is possible
for a filter to become plugged by heavy particulate loading or by the presence of oil
mists or other liquids in the air.)

Disconnect the filter holder after sampling. Cap the inlet and outlet of the filter holder
with plugs. Label the sample. Record pertinent sampling data, including times of
beginning and end of sampling, initial and final air temperatures, relative humidity
and atmospheric pressure. Record the type of personal sampling pump used and
location of the sampler.

Ship the samples to the laboratory as soon as possible in a suitable container designed
to prevent damage in transit. Ship bulk material to the laboratory in a chemically inert
container. Never store, transport or mail bulk samples in the same container as the
samples or field blanks. In addition to the samples and field blanks, ship at least four
unused filters or filter capsules from the same lot for use as media blanks.

Sampling instructions for filter + cyclone sampler

Use these instructions for personal sampling of respirable (or thoracic) aerosols [Frazee
and Tironi 1987]. Methods requiring these instructions specify CYCLONE + FILTER as
the sampling method.

1.)

2.)

3.)

Calibrate the pump to the rate specified by the cyclone, with a representative cyclone
sampler in line using a bubble meter (or a secondary flow measuring device which has
been calibrated against a bubble meter). The calibration of the personal sampling
pump should be done close to the same altitude where the sample will be taken.

Assemble the pre-weighed filter in the cassette filter holder. Use a conductive or static-
dissipative cassette. Support the filter with a cellulose backup pad or stainless steel
screen. Close firmly to prevent sample leakage around the filter. Seal the filter holder
with plastic tape or a shrinkable cellulose band.

Remove the cyclone's grit cap and vortex finder before use and inspect the cyclone
interior. If the inside is visibly scored, discard this cyclone since the dust separation
characteristics of the cyclone might be altered. Clean the interior of the cyclone to
prevent reentrainment of large particles.
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4.)

5.)

6.)

7.)

8.)

9.)

Assemble the two-piece filter holder, coupler, cyclone and sampling head. The
sampling head rigidly holds together the cyclone and filter holder. Check and adjust
the alignment of the filter holder and cyclone in the sampling head to prevent leakage.
Connect the outlet of the sampling head to the personal sampling pump by a 1-m piece
of 6-mm ID flexible tubing.

Position the cyclone assembly in the worker's personal breathing zone and attach the
personal sampling pump to a belt or harness. Ensure that the cyclone hangs vertically
with the inlet pointed downwards. Explain to the worker that the cyclone must not be
inverted.

Prepare the field blanks at about the same time as sampling is begun. These field
blanks should consist of unused filters and filter holders from the same lot used for
sample collection. Handle and ship the field blanks exactly as the samples, but do not
draw air through the field blanks. A minimum of three field blanks are required for
each batch of samples.

Turn on the pump and begin sample collection. If necessary, reset the flow rate to the
pre-calibrated value, using the manufacturer's adjustment procedures. Since it is
possible for a filter to become plugged by heavy particulate loading or by the presence
of oil mists or other liquids in the air, observe the filter and personal sampling pump
frequently to keep the flow rate within + 5% of the target flow rate. Sampling should
be terminated at the first evidence of a problem.

Disconnect the filter after sampling. Cap the inlet and outlet of the filter holder with
plugs. Label the sample. Record pertinent sampling data, including times of beginning
and end of sampling, initial and final air temperatures and atmospheric pressure or
elevation above sea level. Record the type of personal sampling pump, filter, cyclone
used and the location of the sampler.

Ship the samples and field blanks to the laboratory in a suitable container designed to
prevent damage in transit. Ship bulk samples in a separate package.

10.) Take a minimum of three replicate samples for every set of field samples to assure

quality of the sampling procedures. The set of replicate samples should be exposed to
the same dust environment, either in a laboratory dust chamber or in the field. The
quality control samples must be taken with the same equipment, procedures and
personnel used in the routine field samples. The relative standard deviation, sr,
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calculated from these replicates, should be recorded on control charts and action taken
when the precision is out of control.

Disclaimer

Mention of any company or product does not constitute endorsement by NIOSH. In addition,
citations to websites external to NIOSH do not constitute NIOSH endorsement of the
sponsoring organizations or their programs or products. Furthermore, NIOSH is not
responsible for the content of these websites. All web addresses referenced in this document
were accessible as of the publication date.
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1 Introduction

The need for aerosol sampling is driven by research or regulatory needs to understand or
quantify the properties of airborne particles in the workplace or ambient environments. The
property of most common interest is the airborne concentration of particulate mass defined as
the aerosol mass per unit volume of air, usually expressed in units of micrograms or
milligrams per cubic meter. Alternatively, concentrations of other related properties such as
surface area or number, or particle size distributions are also of interest in certain cases,
especially where exposure to nanoparticles or ultrafine aerosols are involved. In many
applications, airborne concentration of a certain chemical or analyte, usually expressed in
terms of micrograms per cubic meter, is more important. Aerosol sampling is the process of
collecting a representative sample of airborne particles of interest from the air environment by
physically separating them from the sampled air of known volume. The degree to which the
physically separated sample represents the in situ aerosol depends on the design of the
physical separation device, often known as the aerosol sampler. Other factors that affect the
representativeness of the particulate sample include environmental conditions (e.g., wind,
temperature, humidity), particle characteristics (particularly if they are highly irregular or
nonspherical), and subsequent analytical methods used for particle analysis. This chapter
focuses mainly on the key characteristics of aerosol samplers that may influence the
representativeness of the sampled aerosol. Direct-reading aerosol samplers are not discussed
in this chapter.

Most samplers use size-selective inlets that conform to certain health-based conventions. The
American Conference of Governmental Industrial Hygienists (ACGIH) [Vincent 1999a;
ACGIH 2015], the International Organization for Standardization (ISO) [ISO 1995], and the
European Standardization Organization (Comité Europeén de Normalisation, CEN) [CEN
1993] have adopted identical particle size-selective sampling conventions for inhalable,
thoracic, and respirable aerosols (Figure 1). The purpose of these conventions is to provide a
scientific basis for a new generation of particle size-selective occupational exposure limits
(OELSs) for aerosols. Such OELs can therefore be matched to the relevant sites of aerosol
deposition after inhalation into the respiratory tract, and in turn to the health effects of
interest in a given exposure assessment. These sampling conventions are used throughout this
manual unless otherwise specified.
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Figure 1. ISO/ACGIH/CEN sampling conventions [ISO 1995]. An ideal sampler should
have a sampling efficiency curve that matches one of these curves as closely as possible

under all wind directions and velocities. The 50% cut points for the respirable and thoracic
conventions are 4 and 10 pm, respectively.

The criteria presented in this manual are used to determine the most appropriate aerosol
sampling equipment. The type of sampling to be performed determines which criteria are
important for estimating the adequacy of the sampler and determining aerosol concentration
levels. For example, “total dust” samplers generally do not have a size selective particle
classifier preceding the filter media and fall under the inhalable sampling convention.
Alternatively, sampling for regulatory or voluntary compliance with aerosol exposure
standards usually requires greater accuracy, increased efficiency, size-specific selectivity, and
good analytical precision. Furthermore, regulations may require the use of a specific sampler
and sampling conditions to standardize sampling results (eliminate bias) and reduce
uncertainty among laboratory reports. See the chapter on measurement uncertainty and
NIOSH method accuracy for further discussion on standardization and aerosol measurement
error.

Open-face filter cassettes do not use constricted opening or tubing and expose the filter
directly to the aerosol to minimize the losses. They provide relatively uniform particle
deposition on the filter. On the other hand, closed-face filter cassettes are often necessary to
connect to upstream tubing or size-selective inlets.
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Over the past decades, researchers have pointed out strengths and weaknesses with several
types of aerosol samplers (Figures 2A-]). Some of these samplers were adapted from existing
devices used for other purposes, e.g., the 10-mm nylon cyclone and the 37-mm cassette,
without the benefit of current testing technology and understanding of particle behavior.

e

\

N TR

Figure 2A. 37-mm (top) and 25-mm (bottom) filter cassettes. Open faced cassettes are
shown on left. Closed-faced cassettes include placement of clear piece (on right) over filter.
These are shown in acrylic copolymer (clear, non-conducting) material and are more
prone to electrostatic losses. Other construction materials are available, including
conducting plastic. Sampling flow rates range from 0.5 to 10 L/min.

L2cm,

Figure 2B. IOM inhalable sampler. This is the first sampler designed specifically to match
the inhalable sampling convention. The sampling cartridge is shown on the right with the
inlet, filter, and support grid. All dust entering the cartridge is collected and analyzed.
Sampler is made of conductive plastic and operates at 2 L/min.
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Figure 2C. Seven hole sampler used for inhalable dust sampling in the UK. Sampler is
made of conductive plastic and operates at 2 L/min.

Figure 2D. Button sampler. So-named because the inlet, a hemispherical screen with ~380
um diameter holes, resembles a large button. It was developed as an inhalable sampler with
reduced wind direction response and improved filter deposit uniformity. The sampler uses

metal construction and operates at 4 L/min.

Figure 2E. Asbestos sampling cassette. The long (50 mm) inlet was designed to prevent
incidental contact with the filter surface and, when facing downward, acts to a certain extent
as an elutriator, preventing larger particles from reaching the filter surface. It is made of
conductive plastic and is operated at a flow rate between 0.5 L/min to 16 L/min.
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Figure 2F. Bell mouth cowl sampler. An alternative to the standard asbestos sampling
cassette. The inlet is flared to reduce the effect of external air motion on sample
uniformity. It is made of conductive plastic and is operated at a flow rate between
0.5 L/min to 16 L/min.

Figure 2G. Dorr-Oliver 10-mm nylon cyclone. It is used as a respirable sampler most
often at 1.7 L/min. A version of this sampler is used at 2 L/min in coal mines with a 1.38
correction factor applied to the resultant mass. The holder encases body of the cyclone so
that only theinletsection is visible just below the connection to the 37 mm cassette. The
coal mine dust sampler version uses a cassette with an aluminum cartridge encasing the
collection filter.

NIOSH Manual of Analytical Methods  5th Edition * Chapter AE April 2016 Page AE-6 of AE-35



l d? Factors Affecting Aerosol Sampling
NMAM

Figure 2H. Higgins-Dewell cyclone. This sampler was developed and used primarilyasa
respirable sampler in the UK. This version provides aninterface directlytoa 37-mm
cassette. Cyclone construction issteel and operates at 2.2 L/min.

Figure 21. GK2.69 cyclone. This cyclone was designed to match the slope of the thoracic
and respirable conventions more closely than other sampling cyclones. Cyclone
construction is stainless steel and operates at 4.2 L/min as a respirable sampler and 1.6
L/min as a thoracic sampler. GK4.162 RASCAL Cyclone is also available for higher flow
rates of 8.5-9 L/min.
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Figure 2]. Personal cascade impactor sampler (model Marple 290, Thermo Fisher
Scientific). The sampler has five stages in the version shown and an additional three stages
are available to provide cutpoints from 0.4 pm to 21 um. The flap over the inlet reduces
direct projection of large particles into the inlet. This sampler allows measurement of
aerosol size distribution and calculation of respirableand thoracicfractions. It is
constructed of aluminum and operatesat 1.7 L/min.

More recently developed aerosol samplers were designed to either maximize the information
gained regarding aerosol concentration levels or to minimize any inherent losses associated
with the sampler design. Thus, each sampler design may have been based on some of the
following criteria: inlet or aspiration efficiency, classifier accuracy, cassette assembly (bypass
leakage), electrostatic losses, particle deposition uniformity, collection media stability, sampler
surface losses, and sampler field comparisons. These criteria are discussed in the following
sections of this chapter.

2 Inlet efficiency of the sampler

An important review of sampling theory and practice was compiled in a book by Vincent
[2007]. The inlet efficiency of several samplers has been evaluated including thin-walled
tubular inlets [Grinshpun et al. 1993], a cyclone [Cecala et al. 1983], an asbestos sampler
[Chen and Baron 1996], total aerosol sampling cassettes [Fairchild et al. 1980], and inhalable
aerosol samplers [Kenny et al. 1997; Aizenberg et al. 2001]. All samplers have an inlet
efficiency, also called aspiration efficiency, which varies as a function of particle aerodynamic
diameter, inlet velocity, inlet shape and dimensions, dimensions of the body it is attached to,
external wind velocity, and external wind direction. The aspiration efficiency of an aerosol
sampler can be defined as
A=

Co
where Cs is the concentration of particles passing directly through the plane of the sampling
orifice and Cy is the ambient concentration. This is true for aerosol samplers for which the
entire amount of aerosol that enters the plane of the sampling orifice is quantified, as is the
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case for the IOM sampler (SKC, Inc., Eighty Four, PA). However, it is important to note that
many commercially available aerosol samplers use only the aerosol collected on the filter that
is housed in the sampler, while any particles deposited on the inner surfaces upstream of the
filter are disregarded. Performance of this type of sampler is therefore best characterized by its
sampling efficiency, in which the aspiration efficiency is modified by the particle size-
dependent wall losses prior to the filter. The aspiration or sampling efficiency of a particular
aerosol sampler, whichever is the most relevant, expressed as a function of particle
aerodynamic diameter, is the primary index of sampler performance. The overall size-
dependent transmission efficiency of the sampler must match the appropriate health-based
criterion (e.g., the inhalability criterion) to allow its use for a health-based assessment of
personal aerosol exposure.

As an aerosol is being sampled, the large-particle trajectories are more affected by external
flow fields than those of small particles. Thus, the shape, orientation, and inlet flow field will
be most critical for inhalable aerosol sampler inlets; they will be less important for thoracic
samplers and unlikely to be important for respirable samplers, except at very high wind
velocities. The flow field near the inlet of a sampler is different when the sampler is mounted
on a person (or in laboratory simulations using a mannequin) than when it is freestanding.
Therefore, it has been recommended that measurement of inhalability be determined from
mannequins in wind tunnels [Vincent 1999a; Kennedy et al. 1995; Kennedy and Hinds 2002;
Aitken et al. 1999]. Flow field studies using mannequins in wind tunnels indicate that the air
is slowed down by the body, resulting in an enrichment of large particles in the upstream side
of the body [Rodes et al. 1995]. When intended for use at low wind speeds (less than about

1 m/s [200 ft/min] (representing most indoor workplaces), it may be possible to test the
samplers as freestanding devices if it can be shown there is no effect from the mannequin
body [CEN 1997]. However, if the sampler is to be used at higher windspeeds, which
frequently occur outdoors, personal aerosol samplers should be evaluated on a mannequin in
a wind tunnel [CEN 1997].

Respirable aerosol samplers generally do not have problems with inlet effects because the
particles being sampled have low enough inertia and settling velocity. However, Cecala et al.
[1983] found that the 10-mm nylon cyclone operated free-standing in a wind tunnel
oversampled at external air velocities greater than 4 m/s when the inlet faced the wind and
undersampled at 90° and 180° to the wind at velocities greater than 1 m/s. The maximum
sampling error of about 40% was observed at 10 m/s. It is expected that these errors would be
reduced if the sampler were located on a person, because the air velocity decreases near the
body surface. It should be noted that the Cecala et al. work was conducted in the context of
aerosol sampling in underground mining environments. Here, windspeeds of the magnitude
quoted are not uncommon. However, in industrial workplaces more generally, windspeeds are
much lower. Two surveys of a wide range of workplaces [Baldwin and Maynard 1998; Berry
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and Froude 1989] revealed that actual indoor windspeeds rarely exceeded 0.2 to 0.3 m/s and
more typically were less than 0.1 m/s.

The EPA PM,, standard for environmental sampling specifies a sampler that has a 50%
cutpoint at 10.6 um particle diameter, approximately the same as that for the thoracic sampler
[Baron and John 1999]. Although the requirements for environmental PM,, samplers stipulate
wind tunnel testing, similar work on personal PM, and thoracic samplers is yet to be
performed. It is expected that these samplers will be more susceptible to wind effects than
respirable samplers because larger particles are more susceptible to inertial and gravitational
effects.

The most extensive comparison of available inhalable aerosol samplers was that carried out
under the auspices of the European Commission (EC) [Kenny et al. 1997]. Eight samplers
were tested: CIP-10 (foam-based, French); 37-mm closed-face cassette (Spain and US) (Figure
2A); 37-mm open-face cassette (Sweden) (Figure 2A); PAS-6 (Netherlands); PERSPEC (Italy);
GSP (Germany, sold as CIS sampler in US; BGI, Inc. Waltham MA); IOM (United Kingdom;
(Figure 2B); and the Seven-Hole Sampler (United Kingdom; Casella CEL, Inc., UK) (Figure
2C). Conditions of the experiment included measurement of sampler collection efficiencies on
a mannequin for aerosol particles with diameters as large as 100 um at a wind speed of
0.5m/s, 1.0 m/s, and 4 m/s. Samplers were positioned on a mannequin rotating within a wind
tunnel. The samplers were all conductive; the 37-mm cassette samplers were painted with an
external conductive coating. The aerosol was, however, not neutralized. The results of this
experiment indicated high inter-sampler variability, but permitted estimates of bias relative to
the inhalable convention. The EC study also indicated that most samplers work reasonably
well at low wind speeds (<1 m/s) for particle median diameters below 25 pm [Kenny 1995].
The study indicated that experiments of this type were difficult, expensive, and generally had
poor precision. Perhaps better understanding of the flow field near the body may lead the way
to improved and simplified sampler testing. Recent work suggests ways of making the wind
tunnel testing of inhalable samplers simpler and less expensive, e.g., by using a compact body
to simulate the chest of a mannequin [Witschger et al. 1997] and by using miniaturized
mannequins and samplers that are calculated to be aerodynamically equivalent
[Ramachandran et al. 1998].

The orientation and diameter of an inhalable sampler inlet may affect the collection of very
large particles (generally >100 um), since these may be thrown into the inlet as projectiles. The
current definition of inhalable aerosol only covers particles up to100 um aerodynamic
diameter.

In situations where large particles can be generated (e.g., abrasive blasting, wood working, and
grinding operations) excessive collection of particles up to the millimeter range is likely to
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occur. There have been some attempts to modify inlets with shields to provide a barrier
against the collection of large particles, but these modified inlets have not been demonstrated
to provide the same agreement with the inhalable convention as the unmodified ones.

Another potential problem with inhalable samplers is the collection of passively sampled
particles. Measurements when the sampler airflow is turned off indicate that IOM samplers,
which pointed outward from the body and had a large inlet diameter (15-mm), can collect
quite significant amounts of dust, with median values of 9 to 32 percent of the mass collected
during active sampling [Lidén et al. 2000b]. Open-faced cassettes had only 2 to 11 percent of
the mass passively collected. These samplers have a larger inlet (37-mm), but point downward,
reducing the likelihood of particle settling onto the collection surface. The mechanism of
collection is unclear, but the dust may be transported into the inlet by turbulence and
deposited by settling or turbulent diffusion. How this passively collected dust modifies the
amount collected during active sampling remains under investigation.

A comparison of measurements obtained with the 37-mm closed-face cassette (4-mm inlet
diameter) to the IOM sampler (15-mm inlet diameter) in several workplaces gave similar
results when the material on the interior walls of the 37-mm cassette were added to the analyte
deposited on the filter [Demange et al. 2002; Harper and Demange 2007]. This suggests that
the two samplers can have similar inlet efficiencies in spite of differences in inlet size and
orientation if the median particle size sampled is not too large. Therefore, if the total
aspiration (which includes the mass from filter and the wall deposits) of the IOM sampler
conforms with the ISO inhalable size-selection criterion, then so does the total aspiration of
the closed cassette filter. Several studies have now shown that in metals industries the total of
mass from particulate filter and the wall deposit are comparable for both the closed cassette
filter and the IOM samplers [Harper and Demange 2007].

3 Classifier accuracy

The theory of classifier separation is based on particle aerodynamic diameter, which is defined
as the diameter of a 1 g/cm’ density sphere having the same gravitational settling velocity as
the particle in question. If the particle is markedly nonspherical or irregularly shaped, the
aerodynamic diameter may depend on particle’s orientation and other factors, possibly
contributing to sizing errors. For example, fibers and plate-like particles settle slightly
differently depending on orientation [Kulkarni et al. 2011]. Thus, the sampling conventions,
based on aerodynamic diameter of particles reaching specified parts of the respiratory system,
become somewhat ambiguous for these types of particles. For such nonspherical particles,
further testing of classifiers to simulate particle behavior in the respiratory tract may be
necessary. For instance, Maynard [1996] found that plate-like particles may orient differently
in elutriators, impactors, and cyclones. This preferred orientation in a cyclone produced a
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collection efficiency 15% below that estimated to occur in the respiratory system. In addition,
Baron et al. [2008] showed that the overall enveloping physical size of airborne single-walled
carbon nanotube (SWCNT) agglomerates is much larger than their aerodynamic size, by a
factor of up to 10. Ku and Kulkarni [2015] measured both aerodynamic and mobility (or
diffusion) diameters of airborne carbon nanotubes (CNTs) and other nanomaterials to show
that aerodynamic diameter is smaller by a factor of 2 to 4 than mobility diameter for SWCNT
and multi-walled CNT particles. These studies indicate that relevant equivalent diameters
must be used to obtain reliable estimation of lung deposition fraction. Improved
understanding of fiber [Esmen and Erdal 1991], nanotube [Baron et al. 2008; Ku and
Kulkarni, 2015] and plate-like particle [Maynard 1996] behavior in the respiratory tract is
needed to aid in development of more accurate samplers for these types of particles. The
phase (i.e. liquid or solid) of the aerosol particles also influences sampling errors. Koehler et
al. [2012] examined the sampling efficiency as a function of particle phase of three personal
aerosol samplers, including the IOM and button sampler. They found that large liquid
droplets have low transmission efficiencies through the screened inlets and that the bounce of
solid particles significantly affects the aspiration efficiencies of screened inlets.

Various types of classifiers have been constructed to meet the ACGIH/ISO conventions. For
example, respirable samplers have used cyclones [Caplan et al. 1977], impactors [Marple 1978;
Kimura 1978; John 1994], elutriators [Lynch 1970], and porous foam [Brown 1980; Courbon
et al. 1988] to remove non-respirable particles from the aerosol prior to filter collection. The
technology for testing these samplers has improved in recent years through use of a real-time
aerodynamic sizing instrument and resulted in quicker and more precise measurements
[Baron 1993; Gudmundsson and Lidén 1998]; this technique has allowed the accuracy of these
samplers to be investigated more carefully [Bartley et al. 1994]. However, a round-robin
comparison of 50% cut-point measurements from six laboratories using an aerodynamic
sizing instrument to test the same cyclone agreed within a range of 11% [Lidén 2000a].
Further work on the testing protocol is needed to improve interlaboratory agreement. Many
current classifiers do not match the shape of the respirable convention exactly and produce
biases that depend on size distribution. Two comparisons of several respirable samplers have
been performed using the aerodynamic sizing technique [Chen et al. 1999b; Gorner et al.
2001].

The introduction of the thoracic fraction in the ACGIH/ISO conventions has spurred interest
in thoracic classifiers for certain types of aerosols, e.g., cotton dust, asbestos and sulfuric acid
[Baron and John 1999]. The performance characteristics of the vertical elutriator (operated at
7.4 L/min) used for cotton dust approximately meets the thoracic definition [Robert 1979].
Laboratories in many countries perform asbestos fiber measurement using the technique of
counting only fibers with diameters of 3 um or less; this size selection was shown to be
approximately equivalent to thoracic sampling [Baron 1996]. Further tests indicate that

NIOSH Manual of Analytical Methods © 5th Edition * Chapter AE April 2016 Page AE-12 of AE-35



l d? Factors Affecting Aerosol Sampling
NMAM

several thoracic samplers may be appropriate for asbestos sampling [Jones et al. 2001;
Maynard 1999]. Thoracic sampling is also recommended for sulfuric acid [Lippmann et al.
1987] and metal working fluids [NIOSH 1998].

Several samplers based on inertial, cyclone and foam separators have been specifically
developed to meet the thoracic definition [Fabries et al. 1989; Fang and Lippmann 1995; Mark
et al. 1988; Kenny and Gussman 1997]. The CIP-10 sampler has been used for thoracic
sampling in Europe [Gorner et al. 1994], but is not applicable to aerosols with a significant
submicrometer fraction [Fabries et al. 1989]. Several of these samplers have been tested to
compare with the thoracic convention [Jones et al. 2001; Maynard 1999]. The GK2.69 cyclone
(Figure 2I) has been used for metal working fluids [NIOSH 1998] and GK4.162 cyclone has
been used for measurement of crystalline silica [Qi et al., 2015]. Several developmental
samplers have also been developed. Koehler and Volckens [2013] have developed multistage
regional deposition sampler that allows estimation of regional deposition of aerosol in the
human respiratory system. This sampler is not suitable for gravimetric analysis but is well
suited for measurement using variety of chemical analyses. A personal nanoparticle
respiratory deposition sampler was developed by Cena et al. [2011] for particles smaller than
300 nm diameter, whose aspiration efficiency curves matches the fractional International
Commission on Radiological Protection (ICRP) deposition curve for human respiratory tract
below ~300 nm. Tsai et al. [2012] have developed a personal nanoparticle sampler which
simultaneously collects both respirable and nanoparticles fraction (<100 nm aerodynamic
diameter).

The PM, standard for environmental sampling is very similar to the thoracic convention and
impactors with a 10 um cutoff size have been used for personal PM-10 sampling [Buckley et
al. 1991]. A cascade impactor, e.g., the Andersen personal cascade impactor (Figure 2]J), can be
used to calculate the thoracic fraction of an aerosol. Although a thoracic sampler is
commercially available (Figure 2I), further work is needed to determine its applicability for
specific types of aerosol. For example, a thoracic sampler for fibers must result in a uniform
deposit of the particles on the filter for accurate analysis results.

The overall accuracy of a classifier with respect to sampling in accordance with the one of the
sampling conventions can be estimated using a bias map (Figure 3). The bias map displays the
percent difference between the predicted mass collected by the sampler and the mass expected
according to the convention as a function of the parameters of a lognormal particle diameter
distribution for a range of likely workplace distributions. Such a bias map can be used for
selecting a sampler for a workplace having a certain range of particle sizes or for developing
samplers that agree more closely with the sampling conventions.
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Figure 3. Bias map for the 10-mm nylon cyclone (operated at 1.7L/min) compared with the
respirable convention [Courbon et al. 1988]. The contour lines represent percent bias for
specific lognormal size distributions. The calculation of this map is based on laboratory
measurement of cyclone penetration and can be used with field size distributions to
estimate sampling bias.

The bias map in Figure 3 was created by: (a) fitting the penetration curve for the 10-mm nylon
cyclone (Figure 2G) [Gudmundsson and Lidén 1998] at 1.7 L/min with a lognormal curve (a
logistic curve also can be used), (b) calculating the bias between the respirable convention and
the curve from the previous step for a range of lognormal size distributions, and (c) plotting
the bias contour lines as a function of the size distribution mass median aerodynamic
diameter (MMAD) and geometric standard deviation (GSD). The 10-mm nylon cyclone
shows significant negative biases, especially at large MMADs and small GSDs, because the
cyclone penetration curve drops off more rapidly with size than the curve for the respirable
convention. The “best” flow rate to use in a workplace when sampling according to one of the
conventions becomes a matter of judgment, depending on the size distribution typically
encountered in that workplace. A cyclone that fits the convention more exactly will exhibit
smaller biases throughout the entire size distribution range. Bias maps are available for several
respirable samplers [Chen et al. 1999b; Gorner et al. 2001]. It should be mentioned that in
some cases, e.g., coal mine dust sampling, a single sampler is specified by regulation. This
sampler specification eliminates the question of bias for that type of measurement.

Investigation of the effect of changing the physical dimensions of a commercial cyclone
resulted in modifications that improved the match to the respirable sampling convention
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[Lidén and Gudmundsson 1996]. Chen and coworkers developed a virtual cyclone that
appeared to give excellent compliance with the respirable curve [Chen et al. 1999a]. It is
possible to make samplers that have predicted biases less than 10% over the entire range of
likely workplace size distributions. While the behavior of certain samplers, such as impactors,
can be predicted theoretically, it is still important to measure penetration curves
experimentally to ensure correct application of the theory. Bias maps based on these data then
allow estimation of accuracy for a specific workplace application. As improved samplers are
tested and become commercially available, more accurate thoracic and respirable aerosol
measurement on a routine basis will be possible.

As mentioned above, several inhalable samplers were investigated in a wind tunnel to evaluate
their sampling efficiency compared to the inhalable convention [Kenny et al. 1997]. Based on
these data, sampler performance (maximum bias confidence limit) was ranked [Bartley 1998]
and the IOM, GSP, and CIP-10 samplers were rated the best.

As interest in the new particle size-selective conventions by standards setting bodies has
grown, efforts have been made to define protocols to guide the testing and validation process
for available samplers. One approach was developed by the CEN [Lidén 1994; CEN 1998]. In
the CEN model, for any given sampler to be tested, the first step is a critical review of the
sampling process for the instrument in question. This is intended to identify factors that may
influence the performance of the sampler, including particle size, windspeed, aerosol
composition, filter material, etc. This is essential in the process of sampler evaluation,
determining under what conditions the sampler will need to be tested. Three options are then
presented for the testing of samplers: (a) the laboratory testing of samplers to compare
performance with the sampling conventions, (b) the laboratory comparison of instruments,
and (c) the field of comparison of instruments. Research projects have been conducted in
recent years to define testing protocols (option a), funded both by the European Community
and by NIOSH, to consolidate the scientific basis for such protocols and to identify improved
and more cost-effective methods.

4 Sampler assembly

Some samplers are designed such that improper assembly can result in internal leakage, i.e.,
aerosol particles bypassing the filter. This bypass leakage has been noted in the 37-mm closed-
face cassette [Frazee and Tironi 1987; Van den Heever 1994]. Although at least one study
found no problem with hand assembly of these cassettes [Puskar et al. 1991], NIOSH and
others have occasionally observed, after sampling black or colored dusts, streaks of dust on the
filter’s compression seal region or an incomplete compression mark, indicating aerosol
leakage bypassing the filter. An airtight seal in these cassettes is achieved by compression of
two plastic parts that must be parallel and joined with the proper force. If this seal is not
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compressed with sufficient force, the vacuum behind the filter may pull the filter from the
seal, especially at high flow rates. Too high a compression force results in cracking the cassette
or cutting the filter, also producing leakage.

Prudence dictates that a check of cassette integrity and the seal area on each filter should be
made after sampling to ensure that the cassette was properly assembled; otherwise, the sample
may underestimate the actual exposure.

At least two approaches to eliminating the sealing problem with press-fitted cassettes have
been taken. One was to assemble the cassette using a press. Pressing the cassette together by
hand often produces misalignment of the cassette parts, resulting in bypass leakage. Frazee
and Tironi [1987] designed a mechanical press that held the two cassette pieces in proper
alignment, while applying just enough pressure to effect a seal, but not so much as to cause
cracking of the plastic. This press was designed to allow motion of the cassette pieces to
compress to a certain distance. A commercial pneumatic press (Accu-Press™, Omega
Specialty, Chelmsford, MA) used a selected pressure to compress the cassette components.
For additional information on bypass leakage and bypass leak test procedures see [Baron
2002]. The second approach was to redesign the cassette to provide a more positive filter seal
[Van den Heever 1994]. In a well-designed sampler, opening the seal should not cause tearing
and loss of the filter or collection medium during removal from the sampler.

The 37-mm closed-face cassette is usually sealed with tape or shrink bands around the
outside. There is a common misconception that this seal prevents bypass leakage in the
cassette. These external seals primarily cover the joint between the cassette components to
prevent deposited particles on the external surface of the cassette from contaminating the
sample during filter removal. The tape or shrink band also aids in holding the cassette
together and preventing external air leakage. However, Puskar, et al. [1991] found that even
by using this precaution, a significant amount of dust was found downstream of the filter. The
authors hypothesized that this dust was deposited during filter removal.

Three other commercial samplers, the IOM (Figure 2B), the CIS, and the coal mine dust
sampler (MSA, Inc., Pittsburgh, PA) use a cartridge to hold the filter. For the first two
samplers, an external threaded cover applies pressure to the cartridge to ensure a good seal
around the filter. This prevents twisting at the filter surface while creating positive, even
contact around the filter edge.

5 Electrostatic losses

Most aerosol particles generated in workplaces have electrostatic charge levels considerably
higher than the steady-state or equilibrium charge level [Johnston et al. 1985]. The
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equilibrium charge (Boltzmann equilibrium) levels are usually achieved after particles are
suspended in the ambient atmosphere for approximately an hour in the presence of naturally
occurring atmospheric ions of positive and negative polarity. When freshly generated particles
are sampled in the presence of an electric field, as when a sampler walls are highly charged
[Baron and Deye 1990b], the particle trajectories can be modified to such an extent that the
particles are inefficiently sampled. No electrostatically induced particle motion occurs when
either the particle charge or electric field during sampling is zero. When both the sampler
walls and particles are both highly charged, external force on the particles from electrical field
is much greater than that caused by gravity, inertia, diffusion or other mechanisms.

Samplers can achieve a high charge level when they are electrically insulated from ground and
are triboelectrically charged (i.e., by contacting or rubbing against other surfaces); this
sampler charging, as well as particle charging, tends to occur more frequently at low (<20%
RH) humidity levels. Certain plastic materials, such as polycarbonate,
polytetrafluoroethylene, polyvinyl chloride (PVC), and polystyrene readily retain high charge
levels; others, such as Tygon® or conductive silicone rubber tubing retain relatively little
charge [Liu et al. 1985]. The PVC/polystyrene copolymer used in the 37-mm closed-face
cassette is an excellent electrical insulator and can retain high charge levels on its surface.
These charges can be incorporated in the bulk plastic during manufacture or accumulated on
the surface by handling or contact with other objects; the charge levels and polarity are highly
localized and variable. Such samplers can exhibit particle losses to the internal walls of the
cassette and negative sampling biases [Baron and Deye 1990a]. Non-conductive plastic
asbestos samplers were shown to produce large negative biases and variable results [Baron and
Deye 1990a,b; Baron et al. 1994].

Conductive samplers have demonstrably lower losses when sampling charged particles. Metal
samplers obviously have high conductivity. Samples collected using nylon cyclones were
shown to exhibit higher variability [Almich and Carson 1974; Briant and Moss 1984] and
negative biases [Briant and Moss 1984] when sampling charged dusts. However, the degree of
conductivity required is not high; as long as charges can move over the sampler surface and
reach equilibrium in seconds, the effect of charges transferred to the sampler is likely to be
minimized. Materials with this low level conductivity (surface resistivity <108 ohms/square)
are often termed “static-dissipative.” Graphite-loaded plastics were developed that have
adequate conductivity to distribute charges over the surface of the cassette (e.g., the 25-mm
asbestos sampler). A simple test to ensure adequate conductivity of these samplers can be
performed by attaching a good quality multimeter at any two points on the sampler surface.
Resistance readings in the range of tens of megohms or less indicate sufficient conductivity for
sampling purposes.
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Some metals are coated with a thin, non-conductive layer, e.g., anodized aluminum. These
coatings may retain a surface charge, but this charge will induce an opposite charge in the
conductive layer beneath the surface, effectively canceling out the field produced by the
surface charge. Recent measurements at NIOSH using a non-contacting electrostatic
voltmeter (Model 300, Trek Inc., Medina NY) indicated that no significant external field
(<50 volts) could be produced near an anodized surface by rubbing the surface with various
plastics or other materials. Plastic or cellulose-based materials rubbed in a similar manner
produced electrostatic potentials measured in the hundreds to thousands of volts. Thus,
metals with a thin, insulating surface layer are not likely to produce significant external fields
that would affect aerosol sampling.

Digestible cassette inserts or capsules, consisting of a static-dissipative plastic dome directly
sealed to a filter, have been developed for metals analysis that substantially reduce the error
associated with wall losses [Ashley et al. 2013].

A further electrostatic problem not specifically associated with the cassette is the use of filters
made of highly nonconductive materials, such as PVC, polytetrafluoroethylene, or
polycarbonate. In addition to having desirable chemical properties, these filters have the
advantage of not absorbing water from atmosphere, leading to improved weight stability
[Lowrey and Tillery 1979; Bowman et al. 1984; NIOSH 1994]. However, these filters can retain
a high electrostatic charge level, resulting in non-uniform particle deposition and even
repulsion of particles from the filter surface. Such filters are also more difficult to handle
during weighing because of charge effects. Even filters that are normally more conductive,
such as cellulose-based filters, can become non-conductive and exhibit non-uniform particle
deposition and particle losses at very low humidity levels (<10% RH) [Chen and Baron 1995].

A treatment was developed to make filters more conductive without significantly affecting
weighing accuracy or moisture absorption [Mark 1974]. In one study, it was found that
applying this treatment to the filter decreased particle losses from 14% to 2% [Blackford et al.
1985]. Anti-static sprays are available that leave a temporary static-dissipative coating on
surfaces.

6 Sampler deposition uniformity

Some analytical methods require that sampled particles be deposited uniformly on the filter
surface. For instance, asbestos fiber analysis by microscopy requires uniform deposition of
fibers on the filter for accurate results. Direct silica analysis of collected filter samples also is
improved with uniform particle deposition. Classifiers using inertial or gravitational forces
tend to stratify the aerosol stream. A small, high velocity inlet in a sampler, such as the 4-mm
opening in the 37-mm closed-face cassette, can also result in the larger particles being
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deposited in a small central area on the filter. Even sampling at high flow rates through more
open inlets can cause a non-uniform deposit [Feigley et al. 1992]. This results in particle
deposits that vary in uniformity as a function of particle size. Such deposition patterns are
visible when sampling colored particles [Sass-Kortsak et al. 1993]. Open-pore foam classifiers
may improve the uniformity of particle deposits on the filter, but have not been thoroughly
evaluated [Aitken et al. 1993; Vincent et al. 1993]. Careful design of classifiers to ensure
mixing of the aerosol prior to deposit on the filter may result in adequate uniformity [Fang
and Lippmann 1995]. Even inhalable samplers or samplers that have no classifier may be
prone to non-uniform deposits under certain conditions of sampler orientation relative to
gravitational settling, orientation relative to external winds, or when sampling charged
particles [Baron and Deye 1990b; Liu et al. 1985; Baron et al. 1994; Chen and Baron 1995].
Flaring the inlet of such a sampler, as in the commercial “bell-mouth cowl,” (Figure 2F,
Envirometrics, Charleston, SC), is one approach to improving sample uniformity under
anisokinetic conditions [Feigley et al. 1992]. In another study, a sampler having an inlet screen
(button sampler, Figure 2D, SKC, Inc. Eighty Four, PA) exhibited improved filter deposit
uniformity when compared to a closed-face cassette [Hauck et al. 1996].

The filters in some samplers require support to prevent tearing or distortion of the filter. The
support device may cause occlusion of parts of the filter surface, resulting in non-uniform
particle deposits [Hook et al. 1983].

On occasion, it was observed that poorly-sized tubing connectors protruded into the 37-mm
cassette and touched the filter surface. This caused all the airflow to pass through the filter
adjacent to the small area of the connector opening. When undetected, this caused low
sampling efficiency and pump failure because of the high pressure drop.

7 Sampler wall losses

Particle deposits on internal surfaces (i.e., wall losses) of the 37-mm closed-face cassette for
several hundred field measurements were found to be large and highly variable (2 - 100% of
dust collected in the cassette) [Demange et al. 1990]. Another study found only 22% of the
dust on the filter, 65% on the upstream portion of the cassette, and 22% downstream of the
filter [Puskar et al. 1991]. In a study of an in-line cassette of similar shape, it was found that
the internal wall deposition of particles could be largely eliminated by: (a) making the cassette
conductive, (b) creating an aerodynamically smooth surface having no corners for eddies to
form, and (c) decreasing the diameter of the filtration area so that dust does not deposit on the
filter adjacent to the upstream walls of the cassette [Blackford et al. 1985]. By incorporating
these three corrective measures, the wall losses in the latter cassette were reduced from
25-30% to 5%. These losses appear to be caused by a combination of electrostatic, inertial,
gravitational and diffusion mechanisms.
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Another solution to the problem of not capturing 100% of the sampled particles on the filter is
to use an internal capsule sealed to the filter. All the particles collected in the combined filter
capsule are analyzed. The air stream entering the cassette is surrounded by the cartridge and
any deposition on the walls of the capsule is retained for analysis. The IOM sampler for
inhalable dust uses this approach by having a cartridge form the inlet of the sampler (Figure
2B). This approach also has been used in the in-line cassette of the coal mine dust personal
sampling unit (MSA, Pittsburgh, PA) where an aluminum foil cover is crimped onto the filter.
A similar cartridge was designed for the 37-mm closed-face cassette in measurements of
pharmaceutical dust [Puskar et al. 1992]. Capsules made of “static dissipative” plastic for
gravimetric analysis and capsules composed of cellulosic media for elemental analysis are
commercially available (Accu-Cap™, Omega Specialty Instruments, Chelmsford, MA;
Woodchek™, MSA Inc. Pittsburgh, PA). It is important that capsule material be compatible
with the analytical method. For instance, the plastic material used in the first version of the
IOM sampler cartridge (Figure 2B, SKC, Eighty Four, PA) was found to absorb milligrams of
water over periods of days, making the accuracy of gravimetric measurements problematic
[Smith et al. 1997; Li and Lundgren 1999; Lidén and Bergman 2001]. Demange et al. [2002]
more recently demonstrated significantly improved agreement between inhalable sampling
using the IOM sampler and the 37-mm cassette by including all deposits inside the cassette.
This suggests that the accuracy and precision of the 37-mm cassette can be improved by
including internal sampler deposits by wiping or washing, or by using an internal capsules
[Ashley and Harper 2013; Harper and Ashley 2013; Andrews et al. 2016].

8 Collection media and analytical issues

Interaction of particulate filter with the sampled aerosol and the flow can lead to certain
measurement errors, which are sometimes referred to as filter artifacts. These artifacts can
include adsorption of gases and vapors from the air stream, the adsorption or desorption of
moisture by the filter media, evaporation of volatile or semi-volatile organic matter from the
filter media, and particle bounce from the filter media. All these factors can contribute to the
measurement bias.

The filter medium should be compatible with the analytical method. Some analytical methods
require specific filter media or properties. For instance, atomic absorption and inductively
coupled plasma analyses typically require complete ashing of the filter material; organic
compound analyses require that no reaction or adsorption of the compounds occur at the
filter surface. Several studies have dealt with gravimetric stability of different filter types and
recommended specific procedures [Lowrey and Tillery 1979; Bowman et al. 1984; NIOSH
1994; ASTM 2000; Chow 1995; Raynor et al. 2011]. Generally, plastic materials that do not
absorb water (polycarbonate, polyvinyl chloride, polytetrafluoroethylene) are more weight
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stable than natural cellulose-based materials; uncoated glass fiber filters also may absorb water
[Lowrey and Tillery 1979; Bowman et al. 1984; NIOSH 1994; ASTM 2000; Chow 1995].

Controlled environmental conditions in the weighing room, where temperature and humidity
are strictly controlled, are essential to reduce measurement bias in gravimetric analysis. In a
controlled study Tsai et al. [2012] have shown that the mass of MCE membrane filters was less
stable than that of the glass fiber filters in both controlled and uncontrolled environmental
conditions. Also, they found that under uncontrolled conditions (where humidity and
temperatures were not controlled), glass fiber filter mass was much less stable than that of
PTFE and PVC membrane filters. MCE and glass fiber filters demonstrated significantly
better stability under controlled conditions; whereas the PVC and especially the PTFE filters
were found to be extremely stable in both controlled and uncontrolled conditions [Raynor et
al., 2011]. Other non-aqueous vapors can also adsorb to the filter media or previously
collected particulate deposits. However, these artifacts are typically important only for semi-
volatile organic compounds.

It should be noted that weight stable materials also tend to be more highly charged, resulting
in more charged particle repulsion and deposit non-uniformity. When a plastic (Tyvek®)
backup pad is crimped into a cartridge together with a filter, the weight stability of the
cartridge may suffer [Kogut et al. 1999]. To improve the weight stability of coal mine dust
sampler cartridges, stainless steel backup pads have been used by MSHA. The IOM sampler
can be purchased with either a plastic or a stainless steel cartridge. The plastic cartridge has
been shown to exhibit poor weight stability and should not be used for gravimetric analysis
[Smith et al. 1997; Lidén and Bergmann 2001].

Lawless and Rodes investigated the use of modern electronic balances to determine factors
affecting the accuracy of gravimetric measurements and found that balance stability, balance
leveling, vibration and thermal drafts, electrostatic charge reduction, positioning of the filter
in the balance so that the filter did not hang over the edge of the pan, and temperature and
humidity control were all important in achieving accurate results [Lawless and Rodes 2001].

Although not strictly a problem with the collection medium, the sampler construction
material should not outgas vapors that can condense on the collection medium and affect the
analysis. Early (circa 1970) versions of the closed-face cassette were made of a plastic called
“tenite,” which resulted in weight gain of the filter over time. This currently does not appear
to be a problem.

Impactors have been used as samplers and, especially with cascade impactors, the deposits on

the impaction stages are measured. Particle bounce from the collection substrates on the
impaction plates can be severe, especially for large solid particles impacting onto a smooth
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metal plate [Marple and Olsen 2011]. Bounce can also be significant for highly nonspherical,
low density particles, as was shown recently for nanotubes agglomerates [Birch et al. 2011;
Maynard et al. 2004; Baron et al. 2008]. Several modifications to the collection substrate are
available to improve collection efficiency of each stage. These modifications should be
compatible with the analytical method. Oil can be placed on the collection substrate that wicks
up over collected particles and continually provides an oiled surface. To avoid the interference
or contamination of particles by oil, the following scheme has been used in recent studies: a
pair of cascade impactors was prepared for sampling at a given location. Oiled filters were
used on every other stage of each impactor. One of the impactors was loaded with oiled filters
on Stages A and C, while Stages B and D were uncoated and used to sample particles onto the
substrates. The second impactor contained oiled filters on Stages B and D, while Stages A and
C were used for particle sampling. This approach provided data for all four stages (plus after
filter) and minimized bounce to the adjacent lower stage [Baron et al. 2008; Birch et al. 2011].
A filter or sintered metal can be used to provide a reservoir for this oil. For gravimetric
analysis, this oil must have a low vapor pressure and not migrate off the collection substrate.
Alternatively, grease can be used, but after the surface is coated with collected particles,
additional particles are more likely to bounce. Filters have also been used as substrates and
provide a convenient substrate that is somewhat better than a smooth metal surface. Selection
and use of an impactor is a complex issue and has been described in reviews [Lodge and Chan
1986; Marple et al. 2001]. Accurate analysis of cascade impactor data can also be difficult and
simple regression analysis of the data may not provide the best answer [Marple et al. 2001;
Kandlikar and Ramachandran 1999; Cooper 2001].

9 Sampler field comparisons

Direct field comparisons of various samplers are frequently reported in the literature. Because
of the typical high variability of aerosol concentrations and size distributions in workplaces, it
is difficult to use these situations for accurate assessment of sampler performance. However,
field studies are important to verify the overall performance of a sampler and to indicate
specific sampler issues. The problems with samplers as discussed above can be highlighted
with some examples observed in field studies.

a. Sampler bias affected by internal deposits

A study of wood dust sampling comparing collocated free-standing samplers indicated
that an MSA cassette (having an aluminum cartridge crimped onto the filter) used as a
sampler gave two times better precision and collected 2.6 to 3.5 times more dust than the
standard 37-mm closed-face cassette [NACSI 1992]. Both these samplers have the same
size and shape of inlet. The same study showed that the IOM sampler collected 1.3 times
more dust than the MSA cassette, indicating that the particle size, inlet shape and inlet
orientation are important factors in inhalable sampling. Among a number of inhalable
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samplers in current use around the world, the IOM sampler appears to agree the best with
the inhalable dust sampling convention [Kenny et al. 1997; Bartley 1998]. Several studies
have shown that the IOM sampler collects anywhere from slightly more to 3.5 times more
dust than the closed-face cassette [Vaughan et al. 1990; Burdorf et al. 1994; Noto et al.
1996; Perrault et al. 1996; Wilsey et al. 1996]. However, Demange et al. showed that for
several work sites with relatively small MMAD (about 15 um diameter), measurements
from 37-mm cassettes agreed well with the IOM results if the deposits on the internal
surfaces of the cassette were added to the filter analyte [Demange et al. 2002; Harper and
Demange 2007]. Measurements with the 37-mm cassette are not expected to agree as well
with the IOM when the particle sizes are much larger because of differences in aspiration
efficiency. However, by including all aspirated material, i.e., all material entering the
37-mm cassette inlet, in the analysis, agreement with the inhalable convention can be
improved.

b. Sampler precision affected by internal deposits

The issue of measurement bias from internal wall deposits in the sampler has gained
increasing recognition over the past few decades [Ashley and Harper 2013]. Though it is
now widely recognized that the wall deposits must be included in the analysis, many
published methods have not been modified. OSHA currently recommends including wall
deposits.

In a field study of lead dust, it was found that the measurements from a closed-face 37-mm
cassette gave a coefficient of variation (CV) of 1.0 and 0.33 when sampling at 2 L/min and
10 L/min, respectively, while the button sampler gave a CV of 0.10 under the same
conditions [Hauck et al. 1996]. The button sampler has few internal surfaces for wall
deposition, suggesting that elimination of this type of loss would improve the precision of
the 37-mm cassette. Demange et al. [2002] found improved precision for the 37-mm
cassette data when the wall deposits were added to the analyte.

In spite of some of its drawbacks, the 37-mm cassette is likely to be used for some time. It
appears that from the standpoint of improving agreement with the inhalable convention
and improving precision, the inhalable sampler wall losses should be minimized through
sampler design (or through use of a cartridge such as the AccuCap or in the MSA coal
mine cassette) or the wall deposits should be included in the analysis.
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10 Conclusions

Clearly, when proper features are incorporated in the sampler design, significant
improvements in bias and precision can be achieved for some currently used aerosol samplers.
Several recommendations regarding the application of these samplers are listed:

= Classifiers used to select respirable, thoracic, or other fractions should be evaluated
based on bias maps obtained from experimental data and combined with particle size
distributions from workplace measurements to evaluate their applicability.

» Further research and development is needed to improve sampler design to better
match ACGIH/ISO conventions and reduce inter-laboratory variability in conducting
aerosol sampling. It is important to report the sampler and flow rate used to allow
evaluation of potential biases due to sampling. It is also important to account for wall
losses to reduce overall bias and allow better comparison across different samplers and
ISO standards.

» The filter cassette and fittings should be air-tight and have no bypass leakage. A
pneumatic or mechanical press should be used to assemble the cassette and a leak test
should be used to establish appropriate pressure and proper assembly procedures. See
[Baron 2002].

* The sampler should be made of conductive or static-dissipative materials.

* Internal deposits in sampling cassettes should be included in the analysis. One
approach to improving the closed-face cassette measurements is to use an internal
digestible cassette insert or cartridge that collects all the sampled dust entering the
cassette. The cartridge must be compatible with the analytical method. Another
approach is to wipe or wash the internal surfaces of the cassette and add this material
to the filter analyte.

Disclaimer

Mention of any company or product does not constitute endorsement by NIOSH. In addition,
citations to websites external to NIOSH do not constitute NIOSH endorsement of the
sponsoring organizations or their programs or products. Furthermore, NIOSH is not
responsible for the content of these websites. All web addresses referenced in this document
were accessible as of the publication date.
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