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Standard Methods for the Examination of Water and Wastewater

PREFACE TO THE TWENTIETH EDITION

The Nineteenth and Earlier Editions

The first edition of Standard Methods was published in 1905. Each subsequent edition
presented significant improvements of methodology and enlarged its scope to include techniques
suitable for examination of many types of samples encountered in the assessment and control of
water quality and water pollution.

A brief history of Standard Methods is of interest because of its contemporary relevance. A
movement for “‘securing the adoption of more uniform and efficient methods of water analysis’’
led in the 1880’s to the organization of a special committee of the Chemical Section of American
Association for the Advancement of Science. A report of this committee, published in 1889, was
entitled: A Method, in Part, for the Sanitary Examination of Water, and for the Statement of
Results, Offered for General Adoption.*#(1) Five topics were covered: (1) ““free’” and
““albuminoid’” ammonia; (2) oxygen-consuming capacity; (3) total nitrogen as nitrates and
nitrites; (4) nitrogen as nitrites; and (5) statement of results.

In 1895, members of the American Public Health Association, recognizing the need for
standard methods in the bacteriological examination of water, sponsored a convention of
bacteriologists to discuss the problem. As a result, an APHA committee was appointed *‘to draw
up procedures for the study of bacteria in a uniform manner and with special references to the
differentiation of species.”” Submitted in 1897,1#(2) the procedures found wide acceptance.

In 1899, APHA appointed a Committee on Standard Methods of Water Analysis, charged
with the extension of standard procedures to all methods involved in the analysis of water. The
committee report, published in 1905, constituted the first edition of Standard Methods (then
entitled Standard Methods of Water Analysis). Physical, chemical, microscopic, and
bacteriological methods of water examination were included. In its letter of transmittal, the
Committee stated:

The methods of analysis presented in this report as *“Standard Methods’” are believed
to represent the best current practice of American water analysts, and to be generally
applicable in connection with the ordinary problems of water purification, sewage
disposal and sanitary investigations. Analysts working on widely different problems
manifestly cannot use methods which are identical, and special problems obviously
require the methods best adapted to them; but, while recognizing these facts, it yet
remains true that sound progress in analytical work will advance in proportion to the
general adoption of methods which are reliable, uniform and adequate.
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It is said by some that standard methods within the field of applied science tend to
stifle investigations and that they retard true progress. If such standards are used in the
proper spirit, this ought not to be so. The Committee strongly desires that every effort
shall be continued to improve the techniques of water analysis and especially to compare
current methods with those herein recommended, where different, so that the results
obtained may be still more accurate and reliable than they are at present.

Revised and enlarged editions were published by APHA under the title Standard Methods of
Water Analysis in 1912 (Second Edition), 1917 (Third), 1920 (Fourth), and 1923 (Fifth). In
1925, the American Water Works Association joined APHA in publishing the Sixth Edition,
which had the broader title, Standard Methods of the Examination of Water and Sewage. Joint
publication was continued in the Seventh Edition, dated 1933.

In 1935, the Federation of Sewage Works Associations (now the Water Environment
Federation) issued a committee report, ‘‘Standard Methods of Sewage Analysis.”’$#(3) With
minor modifications, these methods were incorporated into the Eighth Edition (1936) of
Standard Methods, which was thus the first to provide methods for the examination of
“‘sewages, effluents, industrial wastes, grossly polluted waters, sludges, and muds.”” The Ninth
Edition, appearing in 1946, likewise contained these methods, and in the following year the
Federation became a full-fledged publishing partner. Since 1947, the work of the Standard
Methods committees of the three associations—APHA, AWWA, and WEF—has been
coordinated by a Joint Editorial Board, on which all three are represented.

The Tenth Edition (1955) included methods specific for examination of industrial
wastewaters; this was reflected by a new title: Standard Methods for the Examination of Water,
Sewage and Industrial Wastes. To describe more accurately and concisely the contents of the
Eleventh Edition (1960), the title was shortened to Standard Methods for the Examination of
Water and Wastewater. It remained unchanged in the Twelfth Edition (1965), the Thirteenth
Edition (1971), the Fourteenth Edition (1976), and the Fifteenth Edition (1981).

In the Fourteenth Edition, the separation of test methods for water from those for wastewater
was discontinued. All methods for a given component or characteristic appeared under a single
heading. With minor differences, the organization of the Fourteenth Edition was retained for the
Fifteenth and Sixteenth (1985) Editions. Two major policy decisions of the Joint Editorial Board
were implemented for the Sixteenth Edition. First, the International System of Units (SI) was
adopted except where prevailing field systems or practices require English units. Second, the use
of trade names or proprietary materials was eliminated insofar as possible, to avoid potential
claims regarding restraint of trade or commercial favoritism.

The organization of the Seventeenth Edition (1989) reflected a commitment to develop and
retain a permanent numbering system. New numbers were assigned to all sections, and unused
numbers were reserved for future use. All part numbers were expanded to multiples of 1000
instead of 100. The parts retained their identity from the previous edition, with the exception of
Part 6000, which contained methods for the measurement of specific organic compounds. The
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more general procedures for organics were found in Part 5000.

The Seventeenth Edition also underwent a major revision in the introductory Part 1000.
Sections dealing with statistical analysis, data quality, and methods development were greatly
expanded. The section on reagent water was updated to include a classification scheme for
various types of reagent water. At the beginning of each of the subsequent parts of the manual,
sections were included that discussed quality assurance and other matters of general application
within the specific subject area, to minimize repetition in the succeeding text.

The Eighteenth Edition (1992) underwent only minor revisions in the format from the 17th
edition. A number of new methods were added in each section. The 18th Edition has many of its
methods cited for compliance monitoring of both drinking water and wastewater.

In the Nineteenth Edition (1995), sections were added on laboratory safety and waste
management in Part 1000. Substantial changes occurred throughout, adding new methodology
and revisions to many of the sections.

The Twentieth Edition

The Twentieth Edition has maintained the trend of the Nineteenth Edition in continued
renewal of Part 1000. Significant revision has occurred in the sections on data quality (1030),
sampling (1060) and reagent water (1080).

In Part 2000 (physical and aggregate properties), odor (2150) has been revised to supply new
tables for odor identification. The salinity (2520) formula has been made compatible with
conductivity nomenclature and quality control procedures have been updated and strengthened.

Significant reworking of the introductory material has occurred in Part 3000 (metals); the
introduction now includes a user guide to appropriate methods of metal analysis. A new section,
inductively coupled plasma/mass spectrometry (ICP/MS), has been added. Anodic stripping
voltammetry (3130) has been expanded to include zinc. The sections on ICP, sample preparation,
and specific metal analyses have been revised.

Part 4000 (inorganic nonmetallic constituents) has been reviewed and includes new methods
on flow injection analysis (4130), potassium permanganate (4500-KMnO,), and capillary ion

electrophoresis (4140). Ozone (4500-O5) methods have been updated. Significant revisions also
have been made in the nitrogen sections. Other sections have undergone minor revisions.

Part 5000 (aggregate organic constituents) has significantly revised sections on chemical
oxygen demand (5220), total organic carbon (5310) (from the Nineteenth Edition supplement),
and dissolved organic halogen (5320). Freon has been mostly replaced by hexane in the oil and
grease section (5520).

In Part 6000 (individual organic compounds), a new section on volatile organic compounds
has replaced a number of old sections and a major section on quality control has been added.

Various editorial changes were made in Part 7000 (radioactivity) and a revision in
gamma-emitting radionuclides (7120) was made.
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Part 8000 (toxicity testing) underwent major changes with new protocols for quality
assurance (8020), P450 methodology (8070) from the Nineteenth Edition supplement, pore water
test procedures (8080), protozoa (8310), rotifers (8420), Daphnia (8711), Ceriodaphnia (8712),
mysids (8714), decapods (8740), echinoderm fertilization and development (8810), and fathead
minnows (8911). Other sections have been revised significantly and illustrations of many test
organisms have been added.

Part 9000 (microbiological examination) has had major revisions to quality assurance and
pathogenic bacteria (9260) and minor revisions in several other sections.

Part 10000 (biological examination) has undergone minor revisions. Some new figures and
illustrations of organisms have been added.

Making Reagents

Following the instructions for making reagents may result in preparation of quantities larger
than actually needed. In some cases these materials are toxic. To promote economy and
minimize waste, the analyst should review needs and scale down solution volumes where
appropriate. This conservative attitude also should extend to purchasing policies so that unused
chemicals do not accumulate or need to be discarded as their shelf lives expire.

Selection and Approval of Methods

For each new edition both the technical criteria for selection of methods and the formal
procedures for their approval and inclusion are reviewed critically. In regard to the approval
procedures, it is considered particularly important to assure that the methods presented have been
reviewed and are supported by the largest number of qualified people, so that they may represent
a true consensus of expert opinion.

For the Fourteenth Edition a Joint Task Group was established for each test. This scheme has
continued for each subsequent edition. Appointment of an individual to a Joint Task Group
generally was based on the expressed interest or recognized expertise of the individual. The
effort in every case was to assemble a group having maximum available expertise in the test
methods of concern.

Each Joint Task Group was charged with reviewing the pertinent methods in the Nineteenth
Edition along with other methods from the literature, recommending the methods to be included
in the Twentieth Edition, and presenting those methods in the form of a proposed section
manuscript. Subsequently, each section manuscript (except for Part 1000) was ratified by vote of
those members of the Standard Methods Committee who asked to review sections in that part.
Every negative vote and every comment submitted in the balloting was reviewed by the Joint
Editorial Board. Relevant suggestions were referred appropriately for resolution. When negative
votes on the first ballot could not be resolved by the Joint Task Group or the Joint Editorial
Board, the section was reballoted among all who voted affirmatively or negatively on the
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original ballot. Only a few issues could not be resolved in this manner and the Joint Editorial
Board made the final decision.

The general and quality assurance information presented in Part 1000 was treated somewhat
differently. Again, Joint Task Groups were formed, given a charge, and allowed to produce a
consensus draft. This draft was reviewed by the Joint Editorial Board Liaison and subsequently
by the Joint Editorial Board. The draft sections were sent to the Standard Methods Committee
and comments resulting from this review were used to develop the final draft.

The methods presented here, as in previous editions, are believed to be the best available and
generally accepted procedures for the analysis of water, wastewaters, and related materials. They
represent the recommendations of specialists, ratified by a large number of analysts and others of
more general expertise, and as such are truly consensus standards, offering a valid and
recognized basis for control and evaluation.

The technical criteria for selection of methods were applied by the Joint Task Groups and by
the individuals reviewing their recommendations, with the Joint Editorial Board providing only
general guidelines. In addition to the classical concepts of precision, bias, and minimum
detectable concentration, selection of a method also must recognize such considerations as the
time required to obtain a result, needs for specialized equipment and for special training of the
analyst, and other factors related to the cost of the analysis and the feasibility of its widespread
use.

Status of Methods

All methods in the Twentieth Edition are dated to assist users in identifying those methods
that have been changed significantly between editions. The year the section was approved by the
Standard Methods Committee is indicated in a footnote at the beginning of each section.
Sections or methods that appeared in the Nineteenth Edition that are unchanged, or changed only
editorially in the Twentieth Edition, show an approval date of 1993 or 1994. Sections or methods
that were changed significantly, or that were reaffirmed by general balloting of the Standard
Methods Committee, are dated 1996 or 1997. If an individual method within a section was
revised, that method carries an approval date different from that of the rest of the section.

Methods in the Twentieth Edition are divided into fundamental classes: PROPOSED,
SPECIALIZED, STANDARD, AND GENERAL. None of the methods in the Twentieth Edition
have the specialized designation. Regardless of assigned class, all methods must be approved by
the Standard Methods Committee. The four classes are described below:

1. PROPOSED—A PROPOSED method must undergo development and validation that
meets the requirements set forth in Section 1040A of Standard Methods.

2. SPECIALIZED—A procedure qualifies as a SPECIALIZED method in one of two ways:
a) The procedure must undergo development and validation and collaborative testing that meet
the requirements set forth in Section 1040B and C of Standard Methods, respectively; or b) The
procedure is the *““METHOD OF CHOICE’’ of the members of the Standard Methods
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Committee actively conducting the analysis and it has appeared in TWO PREVIOUS EDITIONS
of Standard Methods.

3. STANDARD—A procedure qualifies as a STANDARD method in one of two ways: a)
The procedure must undergo development and validation and collaborative testing that meet the
requirements set forth in Section 1040B and C of Standard Methods, respectively, and it is
“WIDELY USED’’ by the members of the Standard Methods Committee; or b) The procedure is
“WIDELY USED’’ by the members of the Standard Methods Committee and it has appeared in
TWO PREVIOUS EDITIONS of Standard Methods.

4. GENERAL—A procedure qualifies as a GENERAL method if it has appeared in TWO
PREVIOUS EDITIONS of Standard Methods.

Assignment of a classification to a method is done by the Joint Editorial Board. When
making method classifications, the Joint Editorial Board evaluates the results of the survey on
method use by the Standard Methods Committee that is conducted at the time of general
balloting of the method. In addition, the Joint Editorial Board considers recommendations
offered by Joint Task Groups and the Part Coordinator.

Methods categorized as ‘‘PROPOSED,’” “*SPECIALIZED,’’ and ‘*“GENERAL’’ are so
designated in their titles; methods with no designation are ‘*“STANDARD.”’

Technical progress makes advisable the establishment of a program to keep Standard
Methods abreast of advances in research and general practice. The Joint Editorial Board has
developed the following procedure for effecting interim changes in methods between editions:

1. Any method given proposed status in the current edition may be elevated by action of the
Joint Editorial Board, on the basis of adequate published data supporting such a change as
submitted to the Board by the appropriate Joint Task Group. Notification of such a change in
status shall be accomplished by publication in the official journals of the three associations
sponsoring Standard Methods.

2. No method may be abandoned or reduced to a lower status during the interval between
editions.

3. A new method may be adopted as proposed, specialized, or standard by the Joint Editorial
Board between editions, such action being based on the usual consensus procedure. Such new
methods may be published in supplements to editions of Standard Methods. It is intended that a
supplement be published midway between editions.

Even more important to maintaining the current status of these standards is the intention of
the sponsors and the Joint Editorial Board that subsequent editions will appear regularly at
reasonably short intervals.

Reader comments and questions concerning this manual should be addressed to: Standard
Methods Manager, American Water Works Association, 6666 West Quincy Avenue, Denver, CO
80235.
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Endnotes
1 (Popup - Footnote)
*J. Anal. Chem. 3:398 (1889).
2 (Popup - Footnote)
T Proc. Amer. Pub. Health Assoc. 23:56 (1897).
3 (Popup - Footnote)
1 Sewage Works J. 7:444 (1935).
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Part 1000 INTRODUCTION

1010 INTRODUCTION

1010 A. Scope and Application of Methods

The procedures described in these standards are intended for the examination of waters of a
wide range of quality, including water suitable for domestic or industrial supplies, surface water,
ground water, cooling or circulating water, boiler water, boiler feed water, treated and untreated
municipal or industrial wastewater, and saline water. The unity of the fields of water supply,
receiving water quality, and wastewater treatment and disposal is recognized by presenting
methods of analysis for each constituent in a single section for all types of waters.

An effort has been made to present methods that apply generally. Where alternative methods
are necessary for samples of different composition, the basis for selecting the most appropriate
method is presented as clearly as possible. However, samples with extreme concentrations or
otherwise unusual compositions or characteristics may present difficulties that preclude the
direct use of these methods. Hence, some modification of a procedure may be necessary in
specific instances. Whenever a procedure is modified, the analyst should state plainly the nature
of modification in the report of results.

Certain procedures are intended for use with sludges and sediments. Here again, the effort
has been to present methods of the widest possible application, but when chemical sludges or
slurries or other samples of highly unusual composition are encountered, the methods of this
manual may require modification or may be inappropriate.

Most of the methods included here have been endorsed by regulatory agencies. Procedural
modification without formal approval may be unacceptable to a regulatory body.

The analysis of bulk chemicals received for water treatment is not included herein. A
committee of the American Water Works Association prepares and issues standards for water
treatment chemicals.

Part 1000 contains information that is common to, or useful in, laboratories desiring to
produce analytical results of known quality, that is, of known accuracy and with known
uncertainty in that accuracy. To accomplish this, apply the quality assurance methods described
herein to the standard methods described elsewhere in this publication. Other sections of Part
1000 address laboratory equipment, laboratory safety, sampling procedures, and method
development and validation, all of which provide necessary information.
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1010 B. Statistics

1. Normal Distribution

If a measurement is repeated many times under essentially identical conditions, the results
of each measurement, x, will be distributed randomly about a mean value (arithmetic average)
because of uncontrollable or experimental error. If an infinite number of such measurements
were to be accumulated, the individual values would be distributed in a curve similar to those
shown in Figure 1010:1. The left curve illustrates the Gaussian or normal distribution, which is
described precisely by the mean, p, and the standard deviation, . The mean, or average, of the
distribution is simply the sum of all values divided by the number of values so summed, i.e., n
= (X;;)/n. Because no measurements are repeated an infinite number of times, an estimate of

the mean is made, using the same summation procedure but with n equal to a finite number of
repeated measurements (10, or 20, or. . .). This estimate of u is denoted by x. The standard
deviation of the normal distribution is defined as o = [X(x—p)2/n]¥/2. Again, the analyst can only
estimate the standard deviation because the number of observations made is finite; the estimate
of o is denoted by s and is calculated as follows:

s = [Sx—%n-1)]"

The standard deviation fixes the width, or spread, of the normal distribution, and also includes a
fixed fraction of the values making up the curve. For example, 68.27% of the measurements lie
between p + 1o, 95.45% between p + 20, and 99.70% between p + 3o. It is sufficiently accurate
to state that 95% of the values are within £2c and 99% within £3c. When values are assigned

to the o multiples, they are confidence limits. For example, 10 * 4 indicates that the
confidence limits are 6 and 14, while values from 6 to 14 represent the confidence interval.

Another useful statistic is the standard error of the mean, o which is the standard deviation

divided by the square root of the number of values, or o+ . This is an estimate of the accuracy
of the mean and implies that another sample from the same population would have a mean within
some multiple of this. Multiples of this statistic include the same fraction of the values as stated
above for o. In practice, a relatively small number of average values is available, so the
confidence intervals of the mean are expressed as z = #+/» Where t has the following values for
95% confidence intervals:

n t
2 12.71
3 4.30
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n t
4 3.18
5 2.78
10 2.26
0 1.96

The use of t compensates for the tendency of a small number of values to underestimate
uncertainty. For n > 15, it is common to use t = 2 to estimate the 95% confidence interval.

Still another statistic is the relative standard deviation, o/u, with its estimate s/x, also known
as the coefficient of variation (CV), which commonly is expressed as a percentage. This statistic
normalizes the standard deviation and sometimes facilitates making direct comparisons among
analyses that include a wide range of concentrations. For example, if analyses at low
concentrations yield a result of 10 £ 1.5 mg/L and at high concentrations 100+ 8 mg/L, the
standard deviations do not appear comparable. However, the percent relative standard deviations
are 100 (1.5/10) = 15% and 100 (8/100) = 8%, which indicate the smaller variability obtained by
using this parameter.

2. Log-Normal Distribution

In many cases the results obtained from analysis of environmental samples will not be
normally distributed, i.e., a graph of the data will be obviously skewed, as shown at right in
Figure 1010:1, with the mode, median, and mean being distinctly different. To obtain a nearly
normal distribution, convert the results to logarithms and then calculate x and s. The
antilogarithms of these two values are estimates of the geometric mean and the geometric
standard deviation, Xq and Sq.

3. Rejection of Data

Quite often in a series of measurements, one or more of the results will differ greatly from
the other values. Theoretically, no result should be rejected, because it may indicate either a
faulty technique that casts doubt on all results or the presence of a true variant in the distribution.
In practice, reject the result of any analysis in which a known error has occurred. In
environmental studies, extremely high and low concentrations of contaminants may indicate the
existence of areas with problems or areas with no contamination, so they should not be rejected
arbitrarily.

An objective test for outliers has been described.! If a set of data is ordered from low to high:
XL, X, ... Xy, and the average and standard deviation are calculated, then suspected high or low

outliers can be tested by the following procedure. First, calculate the statistic T :
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T (x;; — x)s for a high value, or

T = (x — x)s for a low value.

Second, compare the value of T with the value from Table 1010:1 for either a 5% or 1% level of
significance. If the calculated T is larger than the table value for the number of measurements, n,
then the x or x| is an outlier at that level of significance.

Further information on statistical techniques is available elsewhere.2:3

4. References
1. BARNETT, V. & T. LEWIS. 1984. Outliers in Statistical Data. John Wiley & Sons, New
York, N.Y.
2. NATRELLA, M.G. 1963. Experimental Statistics. National Bur. Standards Handbook 91,
Washington, D.C.
3. SNEDECOR, G.W. & W.G. COCHRAN. 1980. Statistical Methods. lowa State University
Press, Ames.

1010 C. Glossary

1. Definition of Terms
The purpose of this glossary is to define concepts, not regulatory terms; it is not intended to
be all-inclusive.
Accuracy—combination of bias and precision of an analytical procedure, which reflects the
closeness of a measured value to a true value.
Bias—consistent deviation of measured values from the true value, caused by systematic errors
in a procedure.
Calibration check standard—standard used to determine the state of calibration of an instrument
between periodic recalibrations.
Confidence coefficient—the probability, %, that a measurement result will lie within the
confidence interval or between the confidence limits.
Confidence interval—set of possible values within which the true value will lie with a specified
level of probability.
Confidence limit—one of the boundary values defining the confidence interval.
Detection levels—Various levels in increasing order are:
Instrumental detection level (IDL)—the constituent concentration that produces a signal
greater than five times the signal/ noise ratio of the instrument. This is similar, in many
respects, to ““critical level’” and *“criterion of detection.”” The latter level is stated as
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1.645 times the s of blank analyses.

Lower level of detection (LLD)—the constituent concentration in reagent water that produces
a signal 2(1.645)s above the mean of blank analyses. This sets both Type | and Type Il
errors at 5%. Other names for this level are *‘detection level’” and “‘level of detection’’
(LOD).

Method detection level (MDL)—the constituent concentration that, when processed through
the complete method, produces a signal with a 99% probability that it is different from
the blank. For seven replicates of the sample, the mean must be 3.14s above the blank
where s is the standard deviation of the seven replicates. Compute MDL from replicate
measurements one to five times the actual MDL. The MDL will be larger than the LLD
because of the few replications and the sample processing steps and may vary with
constituent and matrix.

Level of quantitation (LOQ)/minimum quantitation level (MQL)—the constituent
concentration that produces a signal sufficiently greater than the blank that it can be
detected within specified levels by good laboratories during routine operating conditions.
Typically it is the concentration that produces a signal 10s above the reagent water blank
signal.

Duplicate—usually the smallest number of replicates (two) but specifically herein refers to
duplicate samples, i.e., two samples taken at the same time from one location.

Internal standard—a pure compound added to a sample extract just before instrumental analysis
to permit correction for inefficiencies.

Laboratory control standard—a standard, usually certified by an outside agency, used to
measure the bias in a procedure. For certain constituents and matrices, use National Institute
of Standards and Technology (NIST) Standard Reference Materials when they are available.

Precision—measure of the degree of agreement among replicate analyses of a sample, usually
expressed as the standard deviation.

Quality assessment—yprocedure for determining the quality of laboratory measurements by use
of data from internal and external quality control measures.

Quality assurance—a definitive plan for laboratory operation that specifies the measures used to
produce data of known precision and bias.

Quality control—set of measures within a sample analysis methodology to assure that the
process is in control.

Random error—the deviation in any step in an analytical procedure that can be treated by
standard statistical techniques.

Replicate—repeated operation occurring within an analytical procedure. Two or more analyses
for the same constituent in an extract of a single sample constitute replicate extract analyses.

Surrogate standard—a pure compound added to a sample in the laboratory just before
processing so that the overall efficiency of a method can be determined.

Type | error—also called alpha error, is the probability of deciding a constituent is present when
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it actually is absent.
Type Il error—also called beta error, is the probability of not detecting a constituent when it
actually is present.

1020 QUALITY ASSURANCE

1020 A. Introduction

This section applies primarily to chemical analyses. See Section 9020 for quality assurance
and control for microbiological analyses.

Quality assurance (QA) is the definitive program for laboratory operation that specifies the
measures required to produce defensible data of known precision and accuracy. This program
will be defined in a documented laboratory quality system.

The laboratory quality system will consist of a QA manual, written procedures, work
instructions, and records. The manual should include a quality policy that defines the statistical
level of confidence used to express the precision and bias of data, as well as the method
detection limits. Quality systems, which include QA policies and all quality control (QC)
processes, must be in place to document and ensure the quality of analytical data produced by
the laboratory and to demonstrate the competence of the laboratory. Quality systems are essential
for any laboratory seeking accreditation under state or federal laboratory certification programs.
Included in quality assurance are quality control (Section 1020B) and quality assessment
(Section 1020C). See Section 1030 for evaluation of data quality.

1. Quality Assurance Planning

Establish a QA program and prepare a QA manual or plan. Include in the QA manual and
associated documents the following itemsl-4: cover sheet with approval signatures; quality
policy statement; organizational structure; staff responsibilities; analyst training and performance
requirements; tests performed by the laboratory; procedures for handling and receiving samples;
sample control and documentation procedures; procedures for achieving traceability of
measurements; major equipment, instrumentation, and reference measurement standards used,;
standard operating procedures (SOPs) for each analytical method; procedures for generation,
approval, and control of policies and procedures; procedures for procurement of reference
materials and supplies; procedures for procurement of subcontractors’ services; internal quality
control activities; procedures for calibration, verification, and maintenance of instrumentation
and equipment; data-verification practices including interlaboratory comparison and
proficiency-testing programs; procedures to be followed for feedback and corrective action
whenever testing discrepancies are detected; procedures for exceptions that permit departure
from documented policies; procedures for system and performance audits and reviews;
procedures for assessing data precision and accuracy and determining method detection limits;
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procedures for data reduction, validation, and reporting; procedures for records archiving;
procedures and systems for control of the testing environment; and procedures for dealing with
complaints from users of the data. Also define and include the responsibility for, and frequency
of, management review and updates to the QA manual and associated documents.

On the title page, include approval signatures and a statement that the manual has been
reviewed and determined to be appropriate for the scope, volume, and range of testing activities
at the laboratory,* as well as an indication that management has made a commitment to assure
that the quality systems defined in the QA manual are implemented and followed at all times.

In the QA manual, clearly specify and document the managerial responsibility, authority,
quality goals, objectives, and commitment to quality. Write the manual so that it is clearly
understood and ensures that all laboratory personnel understand their roles and responsibilities.

Implement and follow chain-of-custody procedures to ensure that chain of custody is
maintained and documented for each sample. Institute procedures to permit tracing a sample and
its derivatives through all steps from collection through analysis to reporting final results to the
laboratory’s client and disposal of the sample. Routinely practice adequate and complete
documentation, which is critical to assure data defensibility and to meet laboratory
accreditation/certification requirements, and ensure full traceability for all tests and samples.

Standard operating procedures (SOPs) describe the analytical methods to be used in the
laboratory in sufficient detail that a competent analyst unfamiliar with the method can conduct a
reliable review and/or obtain acceptable results. Include in SOPs, where applicable, the

following items2-2: title of referenced, consensus test method; sample matrix or matrices; method
detection level (MDL); scope and application; summary of SOP; definitions; interferences;
safety considerations; waste management; apparatus, equipment, and supplies; reagents and
standards; sample collection, preservation, shipment, and storage requirements; specific quality
control practices, frequency, acceptance criteria, and required corrective action if acceptance
criteria are not met; calibration and standardization; details on the actual test procedure,
including sample preparation; calculations; qualifications and performance requirements for
analysts (including number and type of analyses); data assessment/data management; references;
and any tables, flowcharts, and validation or method performance data. At a minimum, validate a
new SOP before use by first determining the MDL and performing an initial demonstration of
capability using relevant regulatory guidelines.

Use and document preventive maintenance procedures for instrumentation and equipment.
An effective preventive maintenance program will reduce instrument malfunctions, maintain
more consistent calibration, be cost-effective, and reduce downtime. Include measurement
traceability to National Institute of Standards and Technology (NIST) Standard Reference
Materials (SRMs) or commercially available reference materials certified traceable to NIST
SRMs in the QA manual or SOP to establish integrity of the laboratory calibration and
measurement program. Formulate document-control procedures, which are essential to data
defensibility, to cover the complete process of document generation, approval, distribution,
storage, recall, archiving, and disposal. Maintain logbooks for each test or procedure performed
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with complete documentation on preparation and analysis of each sample, including sample
identification, associated standards and QC samples, method reference, date/time of
preparation/analysis, analyst, weights and volumes used, results obtained, and any problems
encountered. Keep logbooks that document maintenance and calibration for each instrument or
piece of equipment. Calibration procedures, corrective actions, internal quality control activities,
performance audits, and data assessments for precision and accuracy (bias) are discussed in
Section 1020B and Section 1020C.

Data reduction, validation, and reporting are the final steps in the data-generation process.
The data obtained from an analytical instrument must first be subjected to the data reduction
processes described in the applicable SOP before the final result can be obtained. Specify
calculations and any correction factors, as well as the steps to be followed in generating the
sample result, in the QA manual or SOP. Also specify all of the data validation steps to be
followed before the final result is made available. Report results in standard units of mass,
volume, or concentration as specified in the method or SOP. Report results below the MDL in
accordance with the procedure prescribed in the SOP. Ideally, include a statement of uncertainty
with each result. See references and bibliography for other useful information and guidance on
establishing a QA program and developing an effective QA manual.
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1020 B. Quality Control

Include in each analytical method or SOP the minimum required QC for each analysis. A
good quality control program consists of at least the following elements, as applicable: initial
demonstration of capability, ongoing demonstration of capability, method detection limit
determination, reagent blank (also referred to as method blank), laboratory-fortified blank (also
referred to as blank spike), laboratory-fortified matrix (also referred to as matrix spike),
laboratory-fortified matrix duplicate (also referred to as matrix spike duplicate) or duplicate
sample, internal standard, surrogate standard (for organic analysis) or tracer (for radiochemistry),
calibration, control charts, and corrective action, frequency of QC indicators, QC acceptance
criteria, and definitions of a batch. Section 1010 and Section 1030 describe calculations for
evaluating data quality.

1. Initial Demonstration of Capability

The laboratory should conduct an initial demonstration of capability (IDC) at least once, by
each analyst, before analysis of any sample, to demonstrate proficiency to perform the method
and obtain acceptable results for each analyte. The IDC also is used to demonstrate that
modifications to the method by the laboratory will produce results as precise and accurate as
results produced by the reference method. As a minimum, include a reagent blank and at least
four laboratory-fortified blanks (LFBs) at a concentration between 10 times the method detection
level (MDL) and the midpoint of the calibration curve or other level as specified in the method.
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Run the IDC after analyzing all required calibration standards. Ensure that the reagent blank
does not contain any analyte of interest at a concentration greater than half the MQL or other
level as specified in the method. See Section 1010C, for definition of MQL. Ensure that
precision and accuracy (percent recovery) calculated for the LFBs are within the acceptance
criteria listed in the method of choice. If no acceptance criteria are provided, use 80 to 120%
recovery and <20% relative standard deviation (RSD), as a starting point. If details of initial
demonstration of capability are not provided in the method of choice, specify and reference the
method or procedure used for demonstrating capability.

2. Ongoing Demonstration of Capability

The ongoing demonstration of capability, sometimes referred to as a “*laboratory control
sample or laboratory control standard,”” “*quality control check sample,”” or
“‘laboratory-fortified blank,”” is used to ensure that the laboratory remains in control during the
period when samples are analyzed, and separates laboratory performance from method
performance on the sample matrix. See 1 5 below for further details on the laboratory-fortified
blank. Preferably obtain this sample from an external source (not the same stock as the
calibration standards). Analyze QC check samples on a quarterly basis, at a minimum.

3. Method Detection Level Determination and Application

Determine the method detection level (MDL) for each analyte of interest and method to be
used before data from any samples are reported, using the procedure described in Section 1030C.
As a starting point for determining the concentration to use in MDL determination, use an
estimate of five times the estimated detection limit. Perform MDL determinations as an iterative
process. If calculated MDL is not within a factor of 10 of the value for the known addition, repeat
determinations at a more suitable concentration. Conduct MDL determinations at least annually
(or other specified frequency) for each analyte and method in use at the laboratory. Perform or
verify MDL determination for each instrument. Perform MDL determinations over a period of at
least 3 d for each part of the procedure. Calculate recoveries for MDL samples. Recoveries
should be between 50 and 150% and %RSD values < 20% or repeat the MDL determination.
Maintain MDL and IDC data and have them available for inspection.

Apply the MDL to reporting sample results as follows:
* Report results below the MDL as “‘not detected.’’
 Report results between the MDL and MQL with qualification for quantitation.

* Report results above the MQL with a value and its associated error.

4. Reagent Blank

A reagent blank or method blank consists of reagent water (See Section 1080) and all
reagents that normally are in contact with a sample during the entire analytical procedure. The
reagent blank is used to determine the contribution of the reagents and the preparative analytical
steps to error in the measurement. As a minimum, include one reagent blank with each sample
set (batch) or on a 5% basis, whichever is more frequent. Analyze a blank after the daily
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calibration standard and after highly contaminated samples if carryover is suspected. Evaluate
reagent blank results for the presence of contamination. If unacceptable contamination is present
in the reagent blank, identify and eliminate source of contamination. Typically, sample results
are suspect if analyte(s) in the reagent blank are greater than the MQL. Samples analyzed with
an associated contaminated blank must be re-prepared and re-analyzed. Refer to the method of
choice for specific acceptance criteria for the reagent blank. Guidelines for qualifying sample
results with consideration to reagent blank results are as follows:

* If the reagent blank is less than the MDL and sample results are greater than the MQL, then no
qualification is required.

* If the reagent blank is greater than the MDL but less than the MQL and sample results are
greater than the MQL, then qualify the results to indicate that analyte was detected in the
reagent blank.

« If the reagent blank is greater than the MQL, further corrective action and qualification is
required.

5. Laboratory-Fortified Blank

A laboratory-fortified blank is a reagent water sample to which a known concentration of the
analytes of interest has been added. A LFB is used to evaluate laboratory performance and
analyte recovery in a blank matrix. As a minimum, include one LFB with each sample set
(batch) or on a 5% basis, whichever is more frequent. The definition of a batch is typically
method-specific. Process the LFB through all of the sample preparation and analysis steps. Use
an added concentration of at least 10 times the MDL, the midpoint of the calibration curve, or
other level as specified in the method. Prepare the addition solution from a different reference
source than that used for calibration. Evaluate the LFB for percent recovery of the added
analytes. If LFB results are out of control, take corrective action, including re-preparation and
re-analysis of associated samples if required. Use the results obtained for the LFB to evaluate
batch performance, calculate recovery limits, and plot control charts (see 12 below). Refer to
the method of choice for specific acceptance criteria for the LFB.

6. Laboratory-Fortified Matrix

A laboratory-fortified matrix (LFM) is an additional portion of a sample to which known
amounts of the analytes of interest are added before sample preparation. The LFM is used to
evaluate analyte recovery in a sample matrix. As a minimum, include one LFM with each sample
set (batch) or on a 5% basis, whichever is more frequent. Add a concentration of at least 10 times
the MRL, the midpoint of the calibration curve, or other level as specified in the method to the
selected sample(s). Preferably use the same concentration as for the LFB to allow the analyst to
separate the effect of matrix from laboratory performance. Prepare the LFM from a reference
source different from that used for calibration. Make the addition such that sample background
levels do not adversely affect the recovery (preferably adjust LFM concentrations if the known
sample is above five times the background level). For example, if the sample contains the analyte
of interest, make the LFM sample at a concentration equivalent to the concentration found in the
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known sample. Evaluate the results obtained for LFMs for accuracy or percent recovery. If LFM
results are out of control, take corrective action to rectify the effect or use another method or the
method of standard addition. Refer to the method of choice for specific acceptance criteria for
LFMs until the laboratory develops statistically valid, laboratory-specific performance criteria.
Base sample batch acceptance on results of LFB analyses rather than LFMs alone, because the
matrix of the LFM sample may interfere with the method performance.

7. Laboratory-Fortified Matrix Duplicate/Duplicate Sample

A LFM duplicate is a second portion of the sample described in { 6 above to which a known
amount of the analyte of interest is added before sample preparation. If sufficient sample volume
is collected, this second portion of sample is added and processed in the same way as the LFM.
If sufficient sample volume is not collected to analyze a LFM duplicate, use an additional
portion of an alternate sample to obtain results for a duplicate sample to gather data on precision.
As a minimum, include one LFM duplicate or one duplicate sample with each sample set (batch)
or on a 5% basis, whichever is more frequent. Evaluate the results obtained for LFM duplicates
for precision and accuracy (precision alone for duplicate samples). If LFM duplicate results are
out of control, take corrective action to rectify the effect or use another method or the method of
standard addition. If duplicate results are out of control, reprepare and reanalyze the sample and
take additional corrective action as needed (such as reanalysis of sample batch). Refer to the
method of choice for specific acceptance criteria for LFM duplicates or duplicate samples until
the laboratory develops statistically valid, laboratory-specific performance criteria. If no limits
are included in the method of choice, calculate preliminary limits from initial demonstration of
capability. Base sample batch acceptance on results of LFB analyses rather than LFM duplicates
alone, because the matrix of the LFM sample may interfere with the method performance.

8. Internal Standard

Internal standards (1S) are used for organic analyses by GC/MS, some GC analyses, and
some metals analyses by ICP/MS. An internal standard is an analyte included in each standard
and added to each sample or sample extract/digestate just before sample analysis. Internal
standards should mimic the analytes of interest but not interfere with the analysis. Choose an
internal standard having retention time or mass spectrum separate from the analytes of interest
and eluting in a representative area of the chromatogram. Internal standards are used to monitor
retention time, calculate relative response, and quantify the analytes of interest in each sample or
sample extract/digestate. When quantifying by the internal standard method, measure all analyte
responses relative to this internal standard, unless interference is suspected. If internal standard
results are out of control, take corrective action, including reanalysis if required. Refer to the
method of choice for specific internal standards and their acceptance criteria.

9. Surrogates and Tracers
Surrogates are used for organic analyses; tracers are used for radiochemistry analyses.
Surrogates and tracers are used to evaluate method performance in each sample. A surrogate
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standard is a compound of a known amount added to each sample before extraction. Surrogates
mimic the analytes of interest and are compound(s) unlikely to be found in environmental
samples, such as fluorinated compounds or stable, isotopically labeled analogs of the analytes of
interest. Tracers are a different isotope of the analyte or element of interest. Surrogates and
tracers are introduced to samples before extraction to monitor extraction efficiency and percent
recovery in each sample. If surrogate or tracer results are out of control, take corrective action,
including repreparation and reanalysis if required. Refer to the method of choice for specific
surrogates or tracers and their acceptance criteria, until the laboratory develops statistically valid,
laboratory-specific performance criteria.

10. Calibration

a. Instrument calibration: Perform instrument calibration, as well as maintenance, according
to instrument manual instructions. Use instrument manufacturer’s recommendations for
calibration. Perform instrument performance checks, such as those for GC/MS analyses,
according to method or SOP instructions.

b. Initial calibration: Perform initial calibration with a minimum of three concentrations of
standards for linear curves, a minimum of five concentrations of standards for nonlinear curves,
or as specified by the method of choice. Choose a lowest concentration at the reporting limit, and
highest concentration at the upper end of the calibration range. Ensure that the calibration range
encompasses the analytical concentration values expected in the samples or required dilutions.
Choose calibration standard concentrations with no more than one order of magnitude between
concentrations.

Use the following calibration functions as appropriate: response factor for internal standard
calibration, calibration factor for external standard calibration, or calibration curve. Calibration
curves may be linear through the origin, linear not through the origin, or nonlinear through or not
through the origin. Some nonlinear functions can be linearized through mathematical
transformations, e.g., log. The following acceptance criteria are recommended for the various
calibration functions.

If response factors or calibration factors are used, the calculated %RSD for each analyte of
interest must be less than the method-specified value. When using response factors (e.g., for
GC/MS analysis), evaluate the performance or sensitivity of the instrument for the analyte of
interest against minimum acceptance values for the response factors. Refer to the method of
choice for the calibration procedure and acceptance criteria on the response factors or calibration
factors for each analyte.

If linear regression is used, use the minimum correlation coefficient specified in the method.
If the minimum correlation coefficient is not specified, then a minimum value of 0.995 is
recommended. Compare each calibration point to the curve and recalculate. If any recalculated
values are not within the method acceptance criteria, identify the source of outlier(s) and correct
before sample quantitation. Alternately, a method’s calibration can be judged against a reference
method by measuring the method’s ““calibration linearity’” or %RSD among the “‘response
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factors’” at each calibration level or concentration.?

Use initial calibration, with any of the above functions (response factor, calibration factor, or
calibration curve), for quantitation of the analytes of interest in samples. Use calibration
verification, described in the next section, only for checks on the initial calibration and not for
sample quantitation, unless otherwise specified by the method of choice. Perform initial
calibration when the instrument is set up and whenever the calibration verification criteria are
not met.

c. Calibration verification: Calibration verification is the periodic confirmation by analysis
of a calibration standard that the instrument performance has not changed significantly from the
initial calibration. Base this verification on time (e.g., every 12 h) or on the number of samples
analyzed (e.g., after every 10 samples). Verify calibration by analyzing a single standard at a
concentration near or at the midpoint of the calibration range. The evaluation of the calibration
verification analysis is based either on allowable deviations from the values obtained in the
initial calibration or from specific points on the calibration curve. If the calibration verification is
out of control, take corrective action, including reanalysis of any affected samples. Refer to the
method of choice for the frequency of calibration verification and the acceptance criteria for
calibration verification.

11. QC Calculations
The following is a compilation of equations frequently used in QC calculations.
a. Initial calibrations:
Relative response factor (RRF):

i A, C.,
RRF(x) = — X —
Ay G
where:
RRF = relative response factor,
A = peak area or height of characteristic ion measured,
C = concentration,
iIs = internal standard, and
X = analyte of interest.

Response factor (RF):

A,
RF() = =
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where:
RF = response factor,
A = peak area or height,
C = concentration, and
x = analyte of interest.

Calibration factor (CF):

CF — peak area (or height) of standards
' mass injected

Relative standard deviation (%RSD):

% RSD = - » 100%

§
X

where:
s = standard deviation,
n = total number of values,
x; = each individual value used to calculate mean, and

|
X = mean of n values.

b. Calibration verification:
% Difference (%D) for response factor:

_ RF, — RF,

% D = x 100%

i

where:
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RF; = average RF or RRF from initial calibration, and
RF,. = relative RF or RRF from calibration verification standard.

% Difference (%D) for values:

true value — found value
WD = #1004
¢ true value

% Recovery:

found value
% Recovery = ——-——IH—- * 100%
! true value

c. Laboratory-fortified blank (laboratory control sample):

found val
% Recovery = —T}E—-}-J:;—E # 100%
rue value

d. Surrogates:

uantity measured
% Recovery = d }r ek * 100%
quantity added

e. Laboratory-fortified matrix (LFM) sample (matrix spike sample):

(LFM sample result — sample result)

% Recovery = . w100
’ Y known LFM added concentration ’
f. Duplicate sample:
Relative percent difference (RPD):
sample result — duplicate result]
RPD = APl : ) 100%

_ (sample result + duplicate result)/2

g. Method of standards addition:
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S, XV, x C
{51 - 5'-) x v}.

Sample concentrations X mg/lL. =

where:
C = concentration of the standard solution, mg/L,
S, = signal for fortified portion,

S, = signal for unfortified portion,
V, = volume of standard addition, L, and
V, = volume of sample portion used for method of standard addition, L.

12. Control Charts

Two types of control charts commonly used in laboratories are as follows: accuracy or
means charts for QC samples, including reagent blanks, laboratory control standards, calibration
check standards, laboratory fortified blanks, laboratory fortified matrices, and surrogates; and
precision or range charts, %RSD or relative percent difference (RPD), for replicate or duplicate
analyses. These charts are essential tools for quality control. Computer-generated and maintained
lists or databases with values, limits, and trending may be used as an alternate to control charts.

a. Accuracy (means) chart: The accuracy chart for QC samples is constructed from the
average and standard deviation of a specified number of measurements of the analyte of interest.
The accuracy chart includes upper and lower warning levels (WL) and upper and lower control
levels (CL). Common practice is to use +2s and +3s limits for the WL and CL, respectively,
where s represents standard deviation. These values are derived from stated or measured values
for reference materials. The number of measurements, n or n-1, used to determine the standard
deviation, s, is specified relative to statistical confidence limits of 95% for WLs and 99% for
CLs. Set up an accuracy chart by using either the calculated values for mean and standard
deviation or the percent recovery. Percent recovery is necessary if the concentration varies.
Construct a chart for each analytical method. Enter results on the chart each time the QC sample
is analyzed. Examples of control charts for accuracy are given in Figure 1020:1.

b. Precision (range) chart: The precision chart also is constructed from the average and
standard deviation of a specified number of measurements of the analyte of interest. If the
standard deviation of the method is known, use the factors from Table 1020:1 to construct the
central line and warning and control limits as in Figure 1020:2. Perfect agreement between
replicates or duplicates results in a difference of zero when the values are subtracted, so the
baseline on the chart is zero. Therefore for precision charts, only upper warning limits and upper
control limits are meaningful. The standard deviation is converted to the range so that the analyst
need only subtract the two results to plot the value on the precision chart. The mean range is
computed as:
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R = D.s
the control limit as

CL = R + 3s(R) = D,R

and the warning limit as

WL =R = 25(R) = R = 2/3(D, R — R)

where:
D, = factor to convert s to the range (1.128 for duplicates, as given in Table 1020:1),
s(R) = standard deviation of the range, and
D, = factor to convert mean range to 3s(R) (3.267 for duplicates, as given in Table

1020:1).

A precision chart is rather simple when duplicate analyses of a standard are used (Figure
1020:2). For duplicate analyses of samples, the plot will appear different because of the variation
in sample concentration. If a constant relative standard deviation in the concentration range of
interest is assumed, then R, D4R etc., may be computed as above for several concentrations, a
smooth curve drawn through the points obtained, and an acceptable range for duplicates
determined. Figure 1020:3 illustrates such a chart. A separate table, as suggested below the
figure, will be needed to track precision over time.

More commonly, the range can be expressed as a function of the relative standard deviation
(coefficient of variation). The range can be normalized by dividing by the average. Determine
the mean range for the pairs analyzed by

R = (ZR)Mm
and the variance (square of the standard deviation) as

s = (ZR? — ra‘fc"");’[’n -1
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Then draw lines on the chart at R + 2s; and R + 3sp and, for each duplicate analysis,

calculate normalized range and enter the result on the chart. Figure 1020:4 is an example of such
a chart.

c. Chart analyses: If the warning limits (WL) are at the 95% confidence level, 1 out of 20
points, on the average, would exceed that limit, whereas only 1 out of 100 would exceed the
control limits (CL). Use the following guidelines, based on these statistical parameters, which
are illustrated in Figure 1020:5 :

Control limit—If one measurement exceeds a CL, repeat the analysis immediately. If the
repeat measurement is within the CL, continue analyses; if it exceeds the CL, discontinue
analyses and correct the problem.

Warning limit—If two out of three successive points exceed a WL, analyze another sample.
If the next point is within the WL, continue analyses; if the next point exceeds the WL, evaluate
potential bias and correct the problem.

Standard deviation—If four out of five successive points exceed 1s, or are in decreasing or
increasing order, analyze another sample. If the next point is less than 1s, or changes the order,
continue analyses; otherwise, discontinue analyses and correct the problem.

Trending—If seven successive samples are on the same side of the central line, discontinue
analyses and correct the problem.

The above considerations apply when the conditions are either above or below the central
line, but not on both sides, e.g., four of five values must exceed either +1s or —1s. After
correcting the problem, reanalyze the samples analyzed between the last in-control measurement
and the out-of-control one.

Another important function of the control chart is assessment of improvements in method
precision. In the accuracy and precision charts, if measurements never or rarely exceed the WL,
recalculate the WL and CL using the 10 to 20 most recent data points. Trends in precision can be
detected sooner if running averages of 10 to 20 are kept. Trends indicate systematic error;
random error is revealed when measurements randomly exceed warning or control limits.

13. QC Evaluation for Small Sample Sizes

Small sample sizes, such as for field blanks and duplicate samples, may not be suitable for
QC evaluation with control charts. QC evaluation techniques for small sample sizes are
discussed elsewhere.3

14. Corrective Action

Quiality control data outside the acceptance limits or exhibiting a trend are evidence of
unacceptable error in the analytical process. Take corrective action promptly to determine and
eliminate the source of the error. Do not report data until the cause of the problem is identified
and either corrected or qualified. Example data qualifiers are listed in Table 1020:11. Qualifying
data does not eliminate the need to take corrective actions, but allows for the reporting of data of
known quality when it is either not possible or practical to reanalyze the sample(s). Maintain
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records of all out-of-control events, determined causes, and corrective action taken. The goal of
corrective action is not only to eliminate such events, but also to reduce repetition of the causes.

Corrective action begins with the analyst, who is responsible for knowing when the
analytical process is out of control. The analyst should initiate corrective action when a QC
check exceeds the acceptance limits or exhibits trending and should report an out-of-control
event to the supervisor. Such events include QC outliers, hold-time failures, loss of sample,
equipment malfunctions, and evidence of sample contamination. Recommended corrective
action to be used when QC data are unacceptable are as follows:

» Check data for calculation or transcription error. Correct results if error occurred.

» Check to see if sample(s) was prepared and analyzed according to the approved method and
SOP. If it was not, prepare and/or analyze again.

» Check calibration standards against an independent standard or reference material. If
calibration standards fail, reprepare calibration standards and/or recalibrate instrument and
reanalyze affected sample(s).

« If a LFB fails, reanalyze another laboratory-fortified blank.

« If a second LFB fails, check an independent reference material. If the second source is
acceptable, reprepare and reanalyze affected sample(s).

 If a LFM fails, check LFB. If the LFB is acceptable, qualify the data for the LFM sample or
use another method or the method of standard addition.

 If a LFM and the associated LFB fail, reprepare and reanalyze affected samples.

* If reagent blank fails, analyze another reagent blank.

* If second reagent blank fails, reprepare and reanalyze affected sample(s).

« If the surrogate or internal standard known addition fails and there are no calculation or
reporting errors, reprepare and reanalyze affected sample(s).

If data qualifiers are used to qualify samples not meeting QC requirements, the data may or
may not be usable for the intended purposes. It is the responsibility of the laboratory to provide
the client or end-user of the data with sufficient information to determine the usability of
qualified data.

15. References

1. U.S.ENVIRONMENTAL PROTECTION AGENCY. 1990. Quality Assurance/Quality Control
Guidance for Removal Activities, Sampling QA/QC Plan and Data Validation
Procedures. EPA-540/G-90/004, U.S. Environmental Protection Agency, Washington,
D.C.

2. U.S. ENVIRONMENTAL PROTECTION AGENCY. 1997. 304h Streamlining Proposal Rule.
Federal Register, March 28, 1997 (15034).

3. U.S. ENVIRONMENTAL PROTECTION AGENCY. 1994. National Functional Guidelines for

© Copyright 1999 by American Public Health Association, American Water Works Association, Water Environment Federation



Standard Methods for the Examination of Water and Wastewater

Inorganic Data Review. EPA-540/R-94-013, U.S. Environmental Protection Agency,
Contract Laboratory Program, Office of Emergency and Remedial Response,
Washington, D.C.

1020 C. Quality Assessment

Quality assessment is the process used to ensure that quality control measures are being
performed as required and to determine the quality of the data produced by the laboratory. It
includes such items as proficiency samples, laboratory intercomparison samples, and
performance audits. These are applied to test the precision, accuracy, and detection limits of the
methods in use, and to assess adherence to standard operating procedure requirements.

1. Laboratory Check Samples (Internal Proficiency)

The laboratory should perform self-evaluation of its proficiency for each analyte and method
in use by periodically analyzing laboratory check samples. Check samples with known amounts
of the analytes of interest supplied by an outside organization or blind additions can be prepared
independently within the laboratory to determine percent recovery of the analytes of interest by
each method.

In general, method performance will have been established beforehand; acceptable percent
recovery consists of values that fall within the established acceptance range. For example, if the
acceptable range of recovery for a substance is 85 to 115%, then the analyst is expected to
achieve a recovery within that range on all laboratory check samples and to take corrective
action if results are outside of the acceptance range.

2. Laboratory Intercomparison Samples

A good quality assessment program requires participation in periodic laboratory
intercomparison studies. Commercial and some governmental programs supply laboratory
intercomparison samples containing one or multiple constituents in various matrices. The
frequency of participation in intercomparison studies should be adjusted relative to the quality of
results produced by the analysts. For routine procedures, semi-annual analyses are customary. If
failures occur, take corrective action and analyze laboratory check samples more frequently until
acceptable performance is achieved.

3. Compliance Audits

Compliance audits are conducted to evaluate whether the laboratory meets the applicable
requirements of the SOP or consensus method claimed as followed by the laboratory.
Compliance audits can be conducted by internal or external parties. A checklist can be used to
document the manner in which a sample is treated from time of receipt to final reporting of the
result. The goal of compliance audits is to detect any deviations from the SOP or consensus
method so that corrective action can be taken on those deviations. An example format for a
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checklist is shown in Table 1020:111.

4. Laboratory Quality Systems Audits

A quality systems audit program is designed and conducted to address all program elements
and provide a review of the quality system. Quality systems audits should be conducted by a
qualified auditor(s) who is knowledgeable about the section or analysis being audited. Audit all
major elements of the quality system at least annually. Quality system audits may be conducted
internally or externally; both types should occur on a regular scheduled basis and should be
handled properly to protect confidentiality. Internal audits are used for self-evaluation and
improvement. External audits are used for accreditation as well as education on client
requirements and for approval of the end use of the data. Corrective action should be taken on all
audit findings and its effectiveness reviewed at or before the next scheduled audit.

5. Management Review

Review and revision of the quality system, conducted by laboratory management, is vital to
its maintenance and effectiveness. Management review should assess the effectiveness of the
quality system and corrective action implementation, and should include internal and external
audit results, performance evaluation sample results, input from end user complaints, and
corrective actions.
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1030 DATA QUALITY

1030 A. Introduction

The role of the analytical laboratory is to produce measurement-based information that is
technically valid, legally defensible, and of known quality. Quality assurance is aimed at
optimizing the reliability of the measurement process. All measurements contain error, which
may be systematic (with an unvarying magnitude) or random (with equal probability of being
positive or negative and varying in magnitude). Determination of the systematic and random
error components of an analytical method uniquely defines the analytical performance of that
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method.! Quality control (QC) procedures identify and control these sources of error.

1. Measures of Quality Control

Random error (precision) and systematic error (bias) are two routine indicators of
measurement quality used by analysts to assess validity of the analytical process. Precision is the
closeness of agreement between repeated measurements. A measurement has acceptable
precision if the random errors are low. Accuracy is the closeness of a measurement to the true
value. A measurement is acceptably accurate when both the systematic and random errors are
low. QC results outside the acceptance limits, as set by the data quality objectives, are evidence
of an analytical process that may be out of control due to determinant errors such as
contaminated reagents or degraded standards.

2. Measurement Error and Data Use

Measurement error, whether random or systematic, reduces the usability of laboratory data.
As a measured value decreases, its relative error (e.g., relative standard deviation) may increase
and its usable information decrease. Reporting tools, such as detection or quantitation limits,
frequently are used to establish a lower limit on usable information content.

Laboratory data may be used for such purposes as regulatory monitoring, environmental
decision-making, and process control. The procedures used to extract information for these
different purposes vary and may be diametrically opposed. For example, a measurement for
regulatory monitoring may be appropriately qualified when below the detection level because the
error bar is relatively large and may preclude a statistically sound decision. Data collected over a
period of time, however, may be treated by statistical methods to provide a statistically sound
decision even when many of the data are below detection levels.?

3. The Analyst's Responsibility

The analyst must understand the measures of quality control and how to apply them to the
data quality objectives of process control, regulatory monitoring, and environmental field
studies. It is important that the quality objectives for the data be clearly defined and detailed
before sample analysis so that the data will be technically correct and legally defensible.

4. Reference
1. YOUDEN, W.J. 1975. Statistical Manual of the Association of Official Analytical
Chemists. Assoc. Official Analytical Chemists, Arlington, Va.

2. OSBORN, K.E. 1995. You Can’t Compute with Less Thans. Water Environment
Laboratory Solutions, Water Environment Federation, Alexandria, Va.

1030 B. Measurement Uncertainty
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1. Introduction

Even with the fullest possible extent of correction, every measurement has error that is
ultimately unknown and unknowable. The description of this unknown error is ““measurement
uncertainty.”’

Reporting uncertainty along with a measurement result is good practice, and may spare the
user from making unwarranted or risky decisions based only on the measurement.

Whereas measurement error (E) is the actual, unknown deviation of the measurement (M)
from the unknown true value (T), measurement uncertainty (U) is the state of knowledge about
this unknown deviation, and is often expressed as U, as in M + U. U may be defined as an
uncertainty expression.12 This section concerns the definition of U, how to compute it, a
recommendation for reporting uncertainty, the interpretation and scope of uncertainty, and other
ways of expressing measurement uncertainty.

2. Error
A measurement can be related to the unknown true value and unknown measurement error
as follows:

M=T+E

This is a simple additive relationship. There are other plausible relationships between M and
E, such as multiplicative or arbitrary functional relationships, which are not discussed here.

Because E is unknown, M must be regarded as an uncertain measurement. In some practical
situations, a value may be treated as known. T * may be, for example, a published reference
value, a traceable value, or a consensus value. The purpose of the substitution may be for
convenience or because the measurement process that produced T * has less bias or variation
than the one that produced M. For example, based on the average of many measurements, a
vessel might be thought to contain T * =50 ug/ L of salt in water. It then may be sampled and
routinely measured, resulting in a reported concentration of M = 51 pg/L. The actual
concentration may be T =49.9 ug/L, resulting in E =51 —49.9 = 1.1 ng/L.

To generalize the nature of uncertainty, measurement error may be negligible or large in
absolute terms (i.e., in the original units) or relative terms (i.e., unitless, E+T or T *). The
perceived acceptability of the magnitude of an absolute error depends on its intended use. For
example, an absolute error of 1.1 ng/L may be inconsequential for an application where any
concentration over 30 pg/L will be sufficient. However, if it is to be used instead as a standard
for precision measurement (e.g., of pharmaceutical ingredients), 1.1 ng/L too much could be
unacceptable.

3. Uncertainty
Reported measurement uncertainty will contain the actual measurement error with a stated
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level of confidence. For example, if M = U is presented as a 95% confidence interval,
approximately 95% of the time, the measurement error E will fall within the range of £U.

4. Bias

Bias is the systematic component of error. It is defined as the signed deviation between the
limiting average measured value and the true value being measured as the number of
measurements in the average tends to infinity and the uncertainty about the average tends to
zero. For example, the reason the T =49.9 ug/L salt solution is thought to be T * = 50 pg/L
could be a bias, B =0.1 ug/L. The “‘leftover’” error, 1.1 — 0.1 = 1.0 pg/L, is the random
component. This random component (also called stochastic error) changes with each
measurement. The bias is fixed, and may be related to the laboratory method used to produce T
* Usually, a recognized method will be used to produce or certify the traceable standard, a
sample with a certificate stating the accepted true value T .* The method may be the best method
available or simply the most widely accepted method. It is chosen to have very low error, both
bias and random. Such a traceable standard may be purchased from a standards organization
such as NIST.

5. Bias and Random Variation
Measurement error, E, (and measurement uncertainty) can be split into two components,
random and systematic:

E=Z+B

Random error, Z, is the component of the measurement error that changes from one
measurement to the next, under certain conditions. Random measurement errors are assumed to
be independent and have a distribution, often assumed to be Gaussian (i.e., they are normally
distributed). The normal distribution of Z is characterized by the distribution mean, p, and
standard deviation, og. In discussion of measurement error distribution, u is assumed to be zero

because any non-zero component is part of bias, by definition. The population standard
deviation, o, can be used to characterize the random component of measurement error because

the critical values of the normal distribution are well known and widely available. For example,
about 95% of the normal distribution lies within the interval u + 2c¢. Hence, if there is no

measurement bias, and measurement errors are independent and normally distributed, M + 26

(95% confidence, assumed normal) is a suitable way to report a measurement and its uncertainty.
More generally, normal probability tables and statistical software give the proportion of the
normal distribution and thus the % confidence gained that is contained within ko for any value

of scalar k.

Usually, however, the population standard deviation, o, is not known and must be estimated
by the sample standard deviation, sg. This estimate of the standard deviation is based on multiple
observations and statistical estimation. In this case, the choice of the scalar k must be based not
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on the normal distribution function, but on the Student’s t distribution, taking into account the
number of degrees of freedom associated with sg.

Systematic error (B) is all error that is not random, and typically is equated with bias.
Systematic error also can contain outright mistakes (blunders) and lack of control (drifts,
fluctuations, etc.).3 In this manual, the terms ““systematic error’” and *‘bias’” are used
interchangeably.

Systematic uncertainty often is more difficult to estimate and make useful than is random
uncertainty. Knowledge about bias is likely to be hard to obtain, and once obtained it is
appropriately and likely to be exploited to make the measurement less biased. If measurement
bias is known exactly (or nearly so), the user can subtract it from M to reduce total measurement
error.

If measurement bias is entirely unknown, and could take on any value from a wide but
unknown distribution of plausible values, users may adopt a worst-case approach and report an
extreme bound, or they may simply ignore the bias altogether. For example, historical data may
indicate that significant interlaboratory biases are present, or that every time a measurement
system is cleaned, a shift is observed in QC measurements of standards. In the absence of
traceable standards, it is hard for laboratory management or analysts to do anything other than
ignore the potential problem.

The recommended practice is to conduct routine QA/QC measurements with a suite of
internal standards. Plot measurements on control charts, and when an out-of-control condition is
encountered, recalibrate the system with traceable standards. This permits the laboratory to
publish a boundary on bias, assuming that the underlying behavior of the measurement system is
somewhat predictable and acceptably small in scale in between QA/QC sampling (e.g., slow
drifts and small shifts).

6. Repeatability, Reproducibility, and Sources of Bias and Variation

a. Sources and measurement: The sources of bias and variability in measurements are many;
they include sampling error, sample preparation, interference by matrix or other measurement
quantities/qualities, calibration error variation, software errors, counting statistics, deviations
from method by analyst, instrument differences (e.g., chamber volume, voltage level),
environmental changes (temperature, humidity, ambient light, etc.), contamination of sample or
equipment (e.g., carryover and ambient contamination), variations in purity of solvent, reagent,
catalyst, etc., stability and age of sample, analyte, or matrix, and warm-up or cool-down effects,
or a tendency to drift over time.

The simplest strategy for estimating typical measurement bias is to measure a traceable
(known) standard, then compute the difference between the measured value M and the known
value T, assumed to be the true value being measured.

M-T=B+Z

The uncertainty in the measurement of the traceable standard is assumed to be small,
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although in practice there may be situations where this is not an appropriate assumption. If
random measurement uncertainty is negligible (i.e., Z = 0), the difference, M — T , will provide
an estimate of bias (B). If random uncertainty is not negligible, it can be observed and quantified
by making a measurement repeatedly on the same test specimen (if the measurement process is
not destructive). This may be part of a QA/QC procedure.

b. Repeatability: As quantified by the repeatability standard deviation (cgpT), repeatability

is the minimal variability of a measurement system obtained by repeatedly measuring the same
specimen while allowing no controllable sources of variability to affect the measurement.
Repeatability also can be obtained by pooling sample standard deviations of measurements of J
different specimens, as follows:

Repeatability also is called *“intrinsic measurement variability,”” and is considered an
approximate lower boundary to the measurement standard deviation that will be experienced in
practice. The repeatability standard deviation sometimes is used to compute uncertainty
intervals, £U, that can be referred to as ultimate instrument variability, based on the Student’s t
distribution function (U = tksgpt).

Common sense and application experience demonstrate that repeatability is an overly
optimistic estimate to report as measurement uncertainty for routine measurement. In routine
use, measurements will be subject to many sources of bias and variability that are intentionally
eliminated or restrained during a repeatability study. In routine use, uncertainty in both bias (B)
and variability (Z) are greater.

c. Reproducibility: As quantified by the reproducibility standard deviation (cgpp).

reproducibility is the variability of a measurement system obtained by repeatedly measuring a
sample while allowing (or requiring) selected sources of bias or variability to affect the
measurement. With opppy, provide list of known applicable sources of bias and variability, and

whether or not they were varied.

Barring statistical variation (i.e., variation in estimates of variability, such as the noisiness in
sample standard deviations), the reproducibility standard deviation always is greater than the
repeatability standard deviation, because it has additional components. Typically, one or more of
the following is varied in a reproducibility study: instrument, analyst, laboratory, or day.
Preferably design a study tailored to the particular measurement system (see 1030B.7). If the
sample is varied, compute reproducibility standard deviations separately for each sample, then
pool results if they are homogeneous. Treat factors varied in the study as random factors and
assume them to be independent normal random variables with zero mean. However, this
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assumption often can be challenged, because the sample and possibly the target populations may
be small (they may even be identical), and there may be a question of *‘representativeness.”” For
example, six laboratories (or analysts, or instruments) may report usable measurements out of a
total population of twenty capable of doing tandem mass spectrometry for a particular analyte
and matrix. It is hard to know how representative the six are of the twenty, especially after a
ranking and exclusion process that can follow a study, and whether the biases of the twenty are
normally distributed (probably not discernible from six measurements, even if the six are
representative).

It may be more appropriate to treat each factor with few, known factor values (i.e., choices
such as laboratories) as fixed factors, to use the statistical term. Fixed factors have fixed effects.
That is, each laboratory has a different bias, as might each analyst, each instrument, and each
day, but these biases are not assumed to have a known (or knowable) distribution. Therefore, a
small sample cannot be used to estimate distribution parameters, particularly a standard
deviation. For example, assuming that variables are random, normal, and have zero mean may be
inappropriate in an interlaboratory round-robin study. It must be assumed that every laboratory
has some bias, but it is difficult to characterize the biases because of laboratory anonymity, the
small number of laboratories contributing usable data, and other factors.

Because of these concerns about assumptions and the potential ambiguity of its definition, do
not report reproducibility unless it is accompanied with study design and a list of known sources
of bias and variability and whether or not they were varied.

7. Gage Repeatability and Reproducibility, and the Measurement Capability Study
Combining the concepts of repeatability and reproducibility, the Gage Repeatability and

Reproducibility (Gage R&R) approach has been developed.? It treats all factors as random
(including biases), and is based on the simplest nontrivial model:

Z=Zppr * 2

where:
Zppt = normally distributed random variable with mean equal to zero and variance equal

Z, = normally distributed random variable with mean equal to zero and with the

variance of the factor (e.g., interlaboratory) biases, csl_z.

The overall measurement variation then is quantified by

_ —_ 2 2
Teg = Tgpp = Oppy + 0
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Estimates for oppt and ogppy Usually are obtained by conducting a nested designed study

and analyzing variance components of the results. This approach can be generalized to reflect
good practice in conducting experiments. The following measurement capability study (MCS)
procedure is recommended. The objective of such studies is not necessarily to quantify the
contribution of every source of bias and variability, but to study those considered to be
important, through systematic error budgeting.

To perform a measurement capability study to assess measurement uncertainty through
systematic error budgeting, proceed as follows:

Identify sources of bias and variation that affect measurement error. This can be done with a
cause-and-effect diagram, perhaps with source categories of: equipment, analyst, method (i.e.,
procedure and algorithm), material (i.e., aspects of the test specimens), and environment.

Select sources to study, either empirically or theoretically. Typically, study sources that are
influential, that can be varied during the MCS, and that cannot be eliminated during routine
measurement. Select models for the sources. Treat sources of bias as fixed factors, and sources
of variation as random factors.

Design and conduct the study, allowing (or requiring) the selected sources to contribute to
measurement error. Analyze the data graphically and statistically (e.g., by regression analysis,
ANOVA, or variance components analysis). Identify and possibly eliminate outliers
(observations with responses that are far out of line with the general pattern of the data), and
leverage points (observations that exert high, perhaps undue, influence).

Refine the models, if necessary (e.g., based on residual analysis), and draw inferences for

future measurements. For random effects, this probably would be a confidence interval; for fixed
effects, a table of estimated biases.

8. Other Assessments of Measurement Uncertainty
In addition to the strictly empirical MCS approach to assessing measurement uncertainty,
there are alternative procedures, discussed below in order of increasing empiricism.

a. Exact theoretical: Some measurement methods are tied closely to exact first-principles
models of physics or chemistry. For example, measurement systems that count or track the
position and velocity of atomic particles can have exact formulas for measurement uncertainty
based on the known theoretical behavior of the particles.

b. Delta method (law of propagation of uncertainty): If the measurement result can be
expressed as a function of input variables with known error distributions, the distribution of the
measurement result sometimes can be computed exactly.

c. Linearized: The mathematics of the delta method may be difficult, so a linearized form of
M =T + E may be used instead, involving a first-order Taylor series expansion about key
variables that influence E:

(M+3M) =T +8MISG, + SM/SG, + SM/3Gy + ...
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for sources G, G,, G, etc. of bias and variation that are continuous variables (or can be

represented by continuous variables). The distribution of this expression may be simpler to
determine, as it involves the linear combination of scalar multiples of the random variables.

d. Simulation: Another use of the delta method is to conduct computer simulation. Again
assuming that the distributions of measurement errors in input variables are known or can be
approximated, a computer (i.e., Monte Carlo) simulation can obtain empirically the distribution
of measurement errors in the result. Typically, one to ten thousand sets of random deviates are
generated (each set has one random deviate for each variable), and the value of M is computed
and archived. The archived distribution is an empirical characterization of the uncertainty in M.

e. Sensitivity study (designed experiment): If the identities and distributions of sources of
bias and variation are known and these sources are continuous factors, but the functional form of
the relationship between them and M is not known, an empirical sensitivity study (i.e., MCS) can
be conducted to estimate the low-order coefficients (6M/3G) for any factor G. This will produce
a Taylor series approximation to the M, which can be used to estimate the distribution of 6M, as
in { c above.

f. Random effects study: This is the nested MCS and variance components analysis described
in § 7 above.

g. Passive empirical (QA/QC-type data): An even more empirical and passive approach is to
rely solely on QA/QC or similar data. The estimated standard deviation of sample measurements
taken on many different days, by different analysts, using different equipment, perhaps in
different laboratories can provide a useful indication of uncertainty.

9. Statements of Uncertainty
Always report measurements with a statement of uncertainty and the basis for the statement.

Develop uncertainty statements as follows:4-6

Involve experts in the measurement principles and use of the measurement system,
individuals familiar with sampling contexts, and potential measurement users to generate a
cause-and-effect diagram for measurement error, with sources of bias and variation (**factors’”)
identified and prioritized. Consult literature quantifying bias and variation. If needed, conduct
one or more measurement capability studies incorporating those sources thought to be most
important. In some cases, Gage R&R studies may be sufficient. These studies will provide
“‘snapshot’” estimates of bias and variation.

Institute a QA/QC program in which traceable or internal standards are measured routinely
and the results are plotted on X and R control charts (or equivalent charts). React to
out-of-control signals on the control charts. In particular, re-calibrate using traceable standards
when the mean control chart shows a statistically significant change. Use the control charts,
relevant literature, and the MCSs to develop uncertainty statements that involve both bias and
variation.
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1030 C. Method Detection Level

1. Introduction

Detection levels are controversial, principally because of inadequate definition and
confusion of terms. Frequently, the instrumental detection level is used for the method detection
level and vice versa. Whatever term is used, most analysts agree that the smallest amount that
can be detected above the noise in a procedure and within a stated confidence level is the
detection level. The confidence levels are set so that the probabilities of both Type I and Type Il
errors are acceptably small.

Current practice identifies several detection levels (see 1010C), each of which has a defined
purpose. These are the instrument detection level (IDL), the lower level of detection (LLD), the
method detection level (MDL), and the level of quantitation (LOQ). Occasionally the instrument
detection level is used as a guide for determining the MDL. The relationship among these levels
is approximately IDL:LLD:MDL:LOQ = 1:2:4:10.

2. Determining Detection Levels

An operating analytical instrument usually produces a signal (noise) even when no sample is
present or when a blank is being analyzed. Because any QA program requires frequent analysis
of blanks, the mean and standard deviation become well known; the blank signal becomes very
precise, i.e., the Gaussian curve of the blank distribution becomes very narrow. The IDL is the
constituent concentration that produces a signal greater than three standard deviations of the
mean noise level or that can be determined by injecting a standard to produce a signal that is five
times the signal-to-noise ratio. The IDL is useful for estimating the constituent concentration or
amount in an extract needed to produce a signal to permit calculating an estimated method
detection level.

The LLD is the amount of constituent that produces a signal sufficiently large that 99% of
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the trials with that amount will produce a detectable signal. Determine the LLD by multiple
injections of a standard at near zero concentration (concentration no greater that five times the
IDL). Determine the standard deviation by the usual method. To reduce the probability of a Type
I error (false detection) to 5%, multiply s by 1.645 from a cumulative normal probability table.
Also, to reduce the probability of a Type Il error (false nondetection) to 5%, double this amount
to 3.290. As an example, if 20 determinations of a low-level standard yielded a standard
deviation of 6 pg/L, the LLD is 3.29 x 6 = 20 ug/L.1

The MDL differs from the LLD in that samples containing the constituent of interest are
processed through the complete analytical method. The method detection level is greater than the
LLD because of extraction efficiency and extract concentration factors. The MDL can be
achieved by experienced analysts operating well-calibrated instruments on a nonroutine basis.
For example, to determine the MDL, add a constituent to reagent water, or to the matrix of
interest, to make a concentration near the estimated MDL.2 Prepare and analyze seven portions
of this solution over a period of at least 3 d to ensure that MDL determination is more
representative than measurements performed sequentially. Include all sample processing steps in
the determination. Calculate the standard deviation and compute the MDL.. The replicate
measurements should be in the range of one to five times the calculated MDL. From a table of
the one-sided t distribution select the value of t for 7 — 1 = 6 degrees of freedom and at the 99%
level; this value is 3.14. The product 3.14 times s is the desired MDL.

Although the LOQ is useful within a laboratory, the practical quantitation limit (PQL) has
been proposed as the lowest level achievable among laboratories within specified limits during
routine laboratory operations.3 The PQL is significant because different laboratories will
produce different MDLs even though using the same analytical procedures, instruments, and
sample matrices. The PQL is about five times the MDL and represents a practical and routinely
achievable detection level with a relatively good certainty that any reported value is reliable.

3. Description of Levels

Figure 1030:1 illustrates the detection levels discussed above. For this figure it is assumed
that the signals from an analytical instrument are distributed normally and can be represented by
a normal (Gaussian) curve.* The curve labeled B is representative of the background or blank
signal distribution. As shown, the distribution of the blank signals is nearly as broad as for the
other distributions, that is 6 = 6, = 5| . As blank analyses continue, this curve will become
narrower because of increased degrees of freedom.

The curve labeled I represents the IDL. Its average value is located kog units distant from the
blank curve, and k represents the value of t (from the one-sided t distribution) that corresponds to
the confidence level chosen to describe instrument performance. For a 95% level and n = 14, k =
1.782 and for a 99% limit, k = 2.68. The overlap of the B and I curves indicates the probability of
not detecting a constituent when it is present (Type Il error).

The curve at the extreme right of Figure 1030:1 represents the LLD. Because only a finite
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number of determinations is used for calculating the IDL and LLD, the curves are broader than
the blank but are similar, so it is reasonable to choose o, = 5| . Therefore, the LLD is k| + ko =

2ko| from the blank curve.
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1030 D. Data Quality Objectives

1. Introduction

Data quality objectives are systematic planning tools based on the scientific method. They
are used to develop data collection designs and to establish specific criteria for the quality of
data to be collected. The process helps planners identify decision-making points for data
collection activities, to determine the decisions to be made based on the data collected, and to
identify the criteria to be used for making each decision. This process documents the criteria for
defensible decision-making before an environmental data collection activity begins.

2. Procedure
The data quality objective process comprises the stages explained in this section.

a. Stating the issue: Sometimes the reason for performing analyses is straightforward, e.g.,
to comply with a permit or other regulatory requirement. However, at times the reason is far
more subjective; e.g., to gather data to support remedial decisions, or to track the changes in
effluent quality resulting from process changes. A clear statement of the reason for the analyses
is integral to establishing appropriate data quality objectives; this should include a statement of
how the data are to be used, e.g., to determine permit compliance, to support decisions as to
whether additional process changes will be necessary, etc.

b. Identifying possible decisions and actions: Initially, express the principal study question.
For example: Is the level of contaminant A in environmental medium B higher than regulatory
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level C? This example is relatively straightforward.

Other questions may be more complex, for example: How is aquatic life affected by
discharges into receiving waters by publicly owned treatment works (POTWSs)? Break such a
question down into several questions that might then be used to develop several decisions;
organize these questions in order of consensus priority of all participating parties.

Identify alternative actions, including the no-action alternative, that could result from the
various possible answers to the principal study questions.

In the first example above, if the level of contaminant in the environmental medium is higher
than the regulatory level, some cleanup or treatment action may be indicated. If it is lower, the
no-action alternative may be indicated, or the study team may wish to look at other
environmental media and regulatory levels.

Finally, combine the principal study question with alternative actions into a decision
statement. For the first example, the decision statement might be: Determine whether the mean
level of contaminant A in environmental medium B exceeds the regulatory level C and requires
remediation.

A multi-tiered decision statement might be: ... if not, determine whether the maximum
level of contaminant A in environmental medium D exceeds the regulatory level E and requires
remediation.

c. ldentifying inputs: Identify the information needed to make the necessary decision. Inputs
may include measurements (including measurements of physical and chemical characteristics),
data sources (historical), applicable action levels, or health effects concerns.

Identify and list the sources of information: previous data, historical records, regulatory
guidance, professional judgment, scientific literature, and new data. Evaluate qualitatively
whether any existing data are appropriate for the study. Existing data will be evaluated
quantitatively later. Identify information needed to establish the action level. Define the basis for
setting the action levels: they may be based on regulatory thresholds or standards or may be
derived from issue-specific considerations, such as risk analysis. Determine only the criteria that
will be used to set the numerical value. The actual numerical action level is determined later.

Confirm that the appropriate measurement methods exist to provide the necessary data.
Assure that there are analytical methods for the parameters or contaminants of interest, and that
they are appropriate for the matrix to be sampled. Consider the samples to be collected and the
analytical methods to determine the potential for matrix interferences for each method. Assure
that the limits of the method (e.g., detection limit, quantitation limit, reporting limit) are
appropriate for the matrix (e.g., drinking water, wastewater, groundwater, leachate, soil,
sediment, hazardous waste) and the parameter to be measured. Ensure that a laboratory is
available to perform the analyses; determine its capacity, turn-around time, data product, and
cost. Include this information as input to the decision-making process.

d. Identifying study limits: Identify both the geographical area and the time frame to which
the decision will apply. Also define the scale of decision-making. Identify the smallest, most
appropriate subsets of the total population for which decisions will be made. These subsets could
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be based on spatial or temporal boundaries. For example, while spatial boundaries of the issue
may be a 300-acre site, samples may be collected from, and decisions made for, each square of a
grid made up of 50-ft squares drawn on a site map. Also, while temporal boundaries of the issue
may be identified (as the duration of storm events), samples may be collected at, and decisions
made for, 2-h increments during a storm event. A decision resulting from this type of study
might be to construct a stormwater bypass structure that would carry the first flow, which might
contain the highest nutrient load, but would not necessarily carry the peak flow.

Identify any practical constraints on data collection. Identify any logistical issues that might
interfere with the data-collection process, including seasonal conditions, daily variations,
meteorological conditions, access conditions, availability of personnel, time, equipment, project
budget, regulatory limits, appropriate analytical methods, matrix interferences, detection limits,
reporting limits, site access limitations, and expertise.

e. Developing a decision rule: Define the parameter of interest, specify an action level, and
integrate outputs from the previous data quality objective process steps into a single statement
that describes a logical basis for choosing among alternative actions. A decision rule may be
worded as follows, substituting case-specific information for the underlined words:

If the factor of interest within the scale of decision making is greater than the action level,
then take alternative action A; otherwise take alternative action B.

The factor of interest is a descriptive measure (such as an instantaneous value, a mean, a
median, or a proportion) that specifies the characteristic (such as calcium level in water, PCB
level in soil, radon level in air) that the decision-maker would like to know about the statistical
population affected by the potential decision (such as rivers or streams within a specific
watershed, the specified depth of soil within a site boundary, or in basements or crawlspaces
within a metropolitan area).

The scale of decision-making is the smallest, most appropriate subset for which separate
decisions will be made (such as each stream segment/river mile or each square of a grid
identified on a site map, or each section of township X, range Y of county Z).

The action level is a measurement threshold value of the parameter of interest that provides
the criterion for choosing among alternative actions (such as a stream standard to protect aquatic
life, a published regulatory standard, or a health-effects-related level).

Alternative action A is the alternative of choice if the action level is exceeded (such as
initiate non-point-source controls, initiate cleanup of the soil to a specified depth, or distribute
technical information to property owners). Noncompliance with the action level is the alternative
hypothesis. (Either alternative action can be labeled A without making the decision rule any less
valid.)

Alternative action B is the alternative of choice if the action level is not exceeded (such as
continue routine monitoring, leave the soil in place, or provide a summary of the data collection
activity to potential developers). Compliance with the action level is the null hypothesis that is
generally the no-action alternative or baseline condition. Either alternative action can be labeled
B without making the decision rule any less valid.
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f. Specifying limits on decision errors: Establish limits on the decision error that the
decision-maker will tolerate. Use these limits to establish performance goals for design of the
data collection activity. Base limits on the consequences of making a wrong decision.

Decision-makers are interested in knowing the true state of some feature of the environment.
Environmental data can be only an estimate of this true state; decisions therefore are based on
environmental data that are in some degree of error. The goal is to develop a data-collection
design that reduces the chances of making a decision error to a level that is acceptable to the
decision-maker. Sources of uncertainty include sample design error and measurement error;
when combined, they represent the total study error.

Sample design error refers to the error inherent in using a portion of a population to represent
the whole population. It is not practical, for example, to measure and record the concentration of
an analyte at every point in a stream on a continuous basis; instead, measure analyte
concentration at well-defined locations and time intervals to represent this analyte concentration
continuum.

Measurement error refers to the error inherent in the measurement process. A measurement
system does not measure, on a molecular level, the amount of an analyte in a sample; it measures
an indicator of the amount of an analyte in a sample. This indicator might be the amount of a
specific wavelength of light absorbed by a sample, the change in conductivity of a solution
containing the analyte, or the amount of an analyte, in a gaseous or ionized form, that passes
through a membrane.

Use data to choose between the one condition of the environment (the null hypothesis, Hp)

and an alternative condition (the alternative hypothesis, H,). A decision error occurs when the

decision-maker rejects the null hypothesis when it is true (false-positive decision error) or fails
to reject the null hypothesis when it is false (false-negative decision error).*#(1)

The null hypothesis usually is treated as the baseline condition that is presumed to be true in
the absence of strong evidence to the contrary. Either condition may be selected as the null
hypothesis, but if the null hypothesis is chosen carefully, it provides a way to guard against
making the decision error that the decision-maker considers to have the more undesirable
consequences.

While the possibility of a decision error never can be totally eliminated, it can be controlled
by various means, including collecting a large number of samples (to control sampling design
error), analyzing individual samples several times, or using more precise laboratory methods (to
control measurement error). Better sampling designs also can be developed to collect data that
more accurately represent the population of interest. Every study will use a different method of
controlling decision errors, depending on the source of the largest components of total decision
error in the data set and the ease of reducing those error components.

Reducing the probability of making decision errors generally increases study costs. In many
cases, however, it is not necessary to control decision error within very small limits to meet the
decision-maker’s needs. If the consequences of decision errors are minor, a reasonable decision
could be made on the basis of relatively crude data. If, on the other hand, consequences of
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decision errors are severe, the decision-maker will want to control sampling design and
measurements within very small limits.

Factors used to judge data quality include precision, bias, representativeness, completeness,
and comparability. Precision, bias, and completeness can be applied to the measurement (field
and laboratory) system. Most analytical laboratories have systems to quantify these factors.
Laboratory precision can be estimated through the analysis of laboratory replicates. Laboratory
bias can be estimated by the analysis of standards, known additions, and performance evaluation
(PE) samples. There is no common system in place to estimate field bias. A combination of field
and laboratory completeness can be estimated through comparison of the number of analytical
results provided by the laboratory with the number of analytical results specified in the sample
design. Laboratory representativeness and comparability involve the analytical method used and
the performance of the laboratory as compared to the performance of other laboratories (PE
studies), which are not commonly quantified.

Precision, bias, representativeness, completeness, and comparability can be applied to the
sample design: Precision would indicate how precisely this sample design reflects the total
population. Bias would indicate how accurately this sample design reflects the total population.
Representativeness would indicate to what extent the sample design is representative of the total
population. Completeness would indicate how well the sample design reflects the complete
population. Comparability would indicate the similarity of the sample design to other sample
designs for similar situations. None of these usually is measured.

While data quality factors provide some insight into sample measurement errors, they do not
provide any indication of sample design errors. These errors are additive, so that if precision
were +90%, bias were £90%, and representativeness were £90%, combined uncertainty could be
up to +27%:

(100% x 0.1) + (90% x 0.1) + (81% x 0.1) =10% + 9% + 8% = 27%

Because most errors are not quantifiable, a study usually is designed with a balance between
acceptable decision errors and acceptable study cost.

g. Optimizing the design for collection: Identify the most resource-effective design for the
study that will achieve the data quality objectives (DQOSs). Use statistical techniques to develop
alternative data collection designs and evaluate their efficiency in meeting the DQOs. To
develop the optimal study design, it may be necessary to work through this step more than once
after revisiting previous steps of the process.

Review the DQO outputs and existing environmental data, develop general data collection
design alternatives, and formulate the mathematical expressions needed to solve the design issue
for each data collection design alternative. Develop the following three mathematical
expressions:

» A method for testing the statistical hypothesis and a sample size formula that corresponds to
the method (e.g., Student’s t test),
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« A statistical model that describes the relationship of the measured value to the ““true’” value.
Often the model will describe the components of error or bias believed to exist in the measured
value, and

* A cost function that relates the number of samples to the total cost of sampling and analysis.

Select the optimal sample size that satisfies the DQOs for each data collection design
alternative. Using the mathematical expressions specified above, calculate the optimal sample
size that satisfies the DQOs. If no design will meet the limits on decision errors within the
budget or other constraints, relax one or more constraints by, for example, increasing the budget
for sampling and analysis, increasing the width of the region of uncertainty, increasing the
tolerable decision error rates, relaxing other project constraints such as the schedule, or changing
the boundaries; it may be possible to reduce sampling and analysis costs by changing or
eliminating subgroups that will require separate decisions.

Select the most resource-effective data collection design that satisfies all of the DQOs and
document the operational details and theoretical assumptions of the selected design in the
sampling and analysis plan.

3. Bibliography

U.S. ENVIRONMENTAL PROTECTION AGENCY. 1994. Guidance for the Data Quality Objectives
Process. EPA QA/G-4, Quality Assurance Management Staff, U.S. Environmental Protection
Agency, Washington, D.C.

1030 E. Checking Correctness of Analyses

The following procedures for checking correctness of analyses are applicable specifically to

water samples for which relatively complete analyses are made.! These include pH,
conductivity, total dissolved solids (TDS), and major anionic and cationic constituents that are
indications of general water quality.

The checks described do not require additional laboratory analyses. Three of the checks
require calculation of the total dissolved solids and conductivity from measured constituents.
Sum concentrations (in milligrams per liter) of constituents to calculate the total dissolved solids
are as follows:

Total dissolved solids = 0.6 (alkalinity*#(2)) + Na* + K* + Ca2* + Mg2* + CI-
+ SO,%~ + Si0g%” + NOg~ + F~

Calculate electrical conductivity from the equation:

G = AC - (kA + ky) (C)3/2
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where:
G = conductivity of salt solution,
C = concentration of salt solution,
A = equivalent conductance of salt solution at infinite dilution,
ky, ko = constants for relaxation of ion cloud effect and electrophoretic effect relative to

ion mobility.1

1. Anion-Cation Balance?

The anion and cation sums, when expressed as milliequivalents per liter, must balance
because all potable waters are electrically neutral. The test is based on the percentage difference
defined as

follows:

Z ;[. 5 — ot .
% difference = 100 ——2Hons 2. anions

2 cations + X anions

and the typical criteria for acceptance are as follows:

Anion Sum Acceptable
meq/L Difference
0-3.0 +0.2 meqg/L
3.0-10.0 2%
10.0-800 5%

2. Measured TDS = Calculated TDS?

The measured total dissolved solids concentration should be higher than the calculated one
because a significant contributor may not be included in the calculation. If the measured value is
less than the calculated one, the higher ion sum and measured value are suspect; the sample
should be reanalyzed. If the measured solids concentration is more than 20% higher than the
calculated one, the low ion sum is suspect and selected constituents should be reanalyzed. The
acceptable ratio is as follows:

measured TDS
- = 1.2

1,{] = <
calculated TDS

3. Measured EC = Calculated EC

© Copyright 1999 by American Public Health Association, American Water Works Association, Water Environment Federation



Standard Methods for the Examination of Water and Wastewater

If the calculated electrical conductivity (EC) is higher than the measured value, reanalyze
the higher ion sum. If the calculated EC is less than the measured one, reanalyze the lower ion
sum. The acceptable ratio is as follows:

calculated EC f

09 = = 1.1
measured EC

Some electrical conductivity values for ions commonly found in water are given in Table 1030:1.

4. Measured EC and lon Sums
Both the anion and cation sums should be 1/100 of the measured EC value. If either of the

two sums does not meet this criterion, that sum is suspect; reanalyze the sample. The acceptable
criteria are as follows:

100 x anion (or cation) sum, meg/L = (0.9-1.1) EC

5. Calculated TDS to EC Ratio

If the ratio of calculated TDS to conductivity falls below 0.55, the lower ion sum is suspect;
reanalyze it. If the ratio is above 0.7, the higher ion sum is suspect; reanalyze it. If reanalysis
causes no change in the lower ion sum, an unmeasured constituent, such as ammonia or nitrite,
may be present at a significant concentration. If poorly dissociated calcium and sulfate ions are
present, the TDS may be as high as 0.8 times the EC. The acceptable criterion is as follows:

calculated TDS/conductivity = 0.55-0.7

6. Measured TDS to EC Ratio
The acceptable criteria for this ratio are from 0.55 to 0.7. If the ratio of TDS to EC is outside
these limits, measured TDS or measured conductivity is suspect; reanalyze.

A more complete exposition3 of the above quality-control checks has been published.
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1040 METHOD DEVELOPMENT AND EVALUATION

1040 A. Introduction

Although standard methods are available from many nationally recognized sources, there
may be occasions when they cannot be used or when no standard method exists for a particular
constituent or characteristic. Therefore, method development may be required. Method
development is the set of experimental procedures devised for measuring a known amount of a
constituent in various matrices, in the case of chemical analyses; or a known characteristic (e.g.,
biological or toxicological) of various matrices.

1040 B. Method Validation

Whether an entirely new method is developed by accepted research procedures or an
existing method is modified to meet special requirements, validation by a three-step process is
required: determination of single-operator precision and bias, analysis of independently prepared
unknown samples, and determination of method ruggedness.

1. Single-Operator Characteristics

This part of the validation procedure requires determining the method detection level (MDL)
as in Section 1030; the bias of the method, i.e., the systematic error of the method; and the
precision obtainable by a single operator, i.e., the random error introduced in using the method.
To make these determinations, analyze at least 7 but preferably 10 or more portions of a standard
at each of several concentrations in each matrix that may be used. Use one concentration at, or
slightly above, the MDL and one relatively high so that the range of concentrations for which the
method is applicable can be specified.

The use of several concentrations to determine bias and precision will reveal the form of the
relationship between these method characteristics and the concentration of the substance, the
characteristic toxicity of the substance, or the biological factor of interest. This relationship may
be constant, linear, or curvilinear and is a significant characteristic of the method that should be
explained clearly. Table 1040:1 shows calculation of precision and bias for a single concentration
in a single matrix from eight replicate analyses of a standard with a known concentration of 1.30
mg/L.

The bias is 0.49/8 = 0.06 mg/L and the precision is the square root of 0.2335/(8~1) = +/D.U3336,
or 0.18 mg/L (note that this is similar to the calculation for standard deviation).

2. Analysis of Unknown Samples
This step in the method validation procedure requires analysis of independently prepared
standards where the value is unknown to the analyst. Analyze each unknown in replicate by
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following the standard operating procedure for the method. The mean amount recovered should
be within three standard deviations (s) of the mean value of the standard but preferably within 2
S.

Obtain the unknowns from other personnel in the analyst’s laboratory using either purchased
analytical-grade reagents or standards available from National Institute of Standards and
Technology (NIST). If available for the particular constituent, performance evaluation samples
from EPA-Cincinnati are particularly useful.

3. Method Ruggedness

A test of the ruggedness, i.e., stability of the result produced when steps in the method are
varied, is the final validation step. It is especially important to determine this characteristic of a
method if it is to be proposed as a standard or reference method. A properly conducted
ruggedness test will point out those procedural steps in which rigor is critical and those in which
some leeway is permissible.

The Association of Official Analytical Chemists? has suggested a method for this test in
which eight separate analyses can be used to determine the effect of varying seven different steps
in an analytical procedure. To illustrate, suppose the effect of changing the factors in Table
1040:11 is to be determined. To make the determination, denote the nominal factors by capital
letters A through G and the variations by the corresponding lower-case letters. Then set up a
table of the factors as in Table 1040:111.

If combination 1 is analyzed, the result will be s. If combination 2 is analyzed, the result will
be t, and so on until all eight combinations have been analyzed. To determine the effect of
varying a factor, find the four results where the factor was nominal (all caps) and the four where
it was varied (all lower case) and compare the averages of the two groups. For example, to
compare the effect of changing C to c, use results (s + u + w + y)/4 and (t + v + X + z)/4.
Calculate all seven pairs to get seven differences, which can then be ranked to reveal those with
a significant effect on the results. If there is no outstanding difference, calculate the average and
standard deviation of the eight results s through z. The standard deviation is a realistic estimate
of the precision of the method. This design tests main effects, not interactions.

4. Equivalency Testing

After a new method has been validated by the procedures listed above, it may be prudent to
test the method for equivalency to standard methods, unless none exist. This requires analysis of
a minimum of three concentrations by the alternate and by the standard method. If the range of
concentration is very broad, test more concentrations. Once an initial set of analyses (five or

more) has been made at each chosen concentration, apply the following statistical steps:2

1. Test the distribution of data for normality and transform the data if necessary (Section
1010B).

2. Select an appropriate sample size based on an estimate of the standard deviation.3
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3. Test the variances of the two methods using the F-ratio statistic.
4. Test the average values of the two methods using a Student-t statistic.

An explanation of each of these steps with additional techniques and examples has been
published.# Because the number of analyses can be very large, the calculations become complex
and familiarity with basic statistics is necessary. A listing of standard, reference, and equivalent
methods for water analysis is available.®
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1040 C. Collaborative Testing

Once a new or modified method has been developed and validated it is appropriate to
determine whether the method should be made a standard method. The procedure to convert a
method to standard status is the collaborative test.! In this test, different laboratories use the
standard operating procedure to analyze a select number of samples to determine the method’s
bias and precision as would occur in normal practice.

In planning for a collaborative test, consider the following factors: a precisely written
standard operating procedure, the number of variables to be tested, the number of levels to be
tested, and the number of replicates required. Because method precision is estimated by the
standard deviation, which itself is the result of many sources of variation, the variables that
affect it must be tested. These may include the laboratory, operator, apparatus, and concentration
range.

1. Variables
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Test at least the following variables: Laboratory—Involve at least three different
laboratories, although more are desirable to provide a better estimate of the standard deviation;
Apparatus—Because model and manufacturer differences can be sources of error, analyze at
least two replicates of each concentration per laboratory; Operators—To determine overall
precision, involve at least six analysts with not more than two from each laboratory; Levels—If
the method development has indicated that the relative standard deviation is constant, test three
levels covering the range of the method. If it is not constant, use more levels spread uniformly
over the operating range.

If matrix effects are suspected, conduct the test in each medium for which the method was
developed. If this is not feasible, use appropriate grades of reagent water as long as this is
stipulated in the resulting statement of method characteristics.

2. Number of Replicates
Calculate the number of replicates after the number of variables to be tested has been
determined by using the formula:

r>1+ (30/P)

where:
r = number of replicates and
P = the product of several variables.

The minimum number of replicates is two. As an example, if three levels of a substance are
to be analyzed by single operators in six laboratories on a single apparatus, then P is calculated
as follows:

P=3x1x6x1=18
and the number of replicates is

r>1+(30/18)>2.7orr=3.

3. lllustrative Collaborative Test

Send each of five laboratories four concentrations of a compound (4.3, 11.6, 23.4, and 32.7
mg/L) with instructions to analyze in triplicate using the procedure provided. Tabulate results as
shown in Table 1040:1V below (the results for only one concentration are shown). Because there
are no obviously aberrant values (use the method in Section 1010B to reject outliers), use all the
data.

Calculate the average and standard deviation for each laboratory; use all 15 results to
calculate a grand average and standard deviation. The difference between the average of each
laboratory and the grand average reveals any significant bias, such as that shown for
Laboratories 1 and 3. The difference between the grand average and the known value is the
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method bias, e.g., 33.0 — 32.7 = 0.3 mg/L or 0.9%. The relative standard deviation of the grand
average (1.5 mg/L) is 4.5%, which is the method precision, and the s for each laboratory is the
single-operator precision.

As noted in Table 1040:1V, the sum of the deviations from the known value for the
laboratories was 1.3, so the average deviation (bias) was 1.3/5 = 0.26, rounded to 0.3, which is
the same as the difference between the grand average and the known value.

For all four unknowns in this test, the percentage results indicated increasing bias and
decreasing precision as the concentration decreased. Therefore, to describe the method in a
formal statement, the precision would be given by a straight line with the formulay = mx + b;
where y is the relative standard deviation, m is the slope of the line, x is the concentration, and b
is the relative standard deviation at concentration = 0. The values found from the collaborative
test are shown in Table 1040:V.

These results indicate that the method is acceptable. However, concentrations of less than
about 10 mg/L require greater care in analysis.

4. Reference
1. YOUDEN, W.J. & E.H. STEINER. 1975. Statistical Manual of the AOAC. Assoc. Official
Analytical Chemists, Washington, D.C.

1050 EXPRESSION OF RESULTS

1050 A. Units

This text uses the International System of Units (SI) and chemical and physical results are
expressed in milligrams per liter (mg/L). See Section 7020D for expression of radioactivity
results. Record only the significant figures. If concentrations generally are less than 1 mg/L, it
may be more convenient to express results in micrograms per liter (ug/L). Use ug/L when
concentrations are less than 0.1 mg/L.

Express concentrations greater than 10 000 mg/L in percent, 1% being equal to 10 000 mg/L
when the specific gravity is 1.00. In solid samples and liquid wastes of high specific gravity,
make a correction if the results are expressed as parts per million (ppm) or percent by weight:
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. mg/L

ppm by weight = g

_ , mg/L
% by welght = 10500 % sp g

In such cases, if the result is given as milligrams per liter, state specific gravity.

The unit equivalents per million (epm), or the identical and less ambiguous term
milligram-equivalents per liter, or milliequivalents per liter (me/L), can be valuable for making
water treatment calculations and checking analyses by anion-cation balance.

Table 1050:1 presents factors for converting concentrations of common ions from milligrams
per liter to milliequivalents per liter, and vice versa. The term milliequivalent used in this table
represents 0.001 of an equivalent weight. The equivalent weight, in turn, is defined as the weight
of the ion (sum of the atomic weights of the atoms making up the ion) divided by the number of
charges normally associated with the particular ion. The factors for converting results from
milligrams per liter to milliequivalents per liter were computed by dividing the ion charge by
weight of the ion. Conversely, factors for converting results from milliequivalents per liter to
milligrams per liter were calculated by dividing the weight of the ion by the ion charge.

1050 B. Significant Figures

1. Reporting Requirements

To avoid ambiguity in reporting results or in presenting directions for a procedure, it is the
custom to use “‘significant figures.”” All digits in a reported result are expected to be known
definitely, except for the last digit, which may be in doubt. Such a number is said to contain only
significant figures. If more than a single doubtful digit is carried, the extra digit or digits are not
significant. If an analytical result is reported as “*75.6 mg/L,”’” the analyst should be quite certain
of the “*75,”” but may be uncertain as to whether the *“.6’” should be .5 or .7, or even .4 or .8,
because of unavoidable uncertainty in the analytical procedure. If the standard deviation were
known from previous work to be £2 mg/L, the analyst would have, or should have, rounded off
the result to *“76 mg/L’’ before reporting it. On the other hand, if the method were so good that a
result of *“75.61 mg/L’’ could have been conscientiously reported, then the analyst should not
have rounded it off to 75.6.

Report only such figures as are justified by the accuracy of the work. Do not follow the
all-too-common practice of requiring that quantities listed in a column have the same number of
figures to the right of the decimal point.

2. Rounding Off
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Round off by dropping digits that are not significant. If the digit 6, 7, 8, or 9 is dropped,
increase preceding digit by one unit; if the digit 0, 1, 2, 3, or 4 is dropped, do not alter preceding
digit. If the digit 5 is dropped, round off preceding digit to the nearest even number: thus 2.25
becomes 2.2 and 2.35 becomes 2.4.

3. Ambiguous Zeros

The digit 0 may record a measured value of zero or it may serve merely as a spacer to locate
the decimal point. If the result of a sulfate determination is reported as 420 mg/L, the report
recipient may be in doubt whether the zero is significant or not, because the zero cannot be
deleted. If an analyst calculates a total residue of 1146 mg/L, but realizes that the 4 is somewhat
doubtful and that therefore the 6 has no significance, the answer should be rounded off to 1150
mg/L and so reported but here, too, the report recipient will not know whether the zero is

significant. Although the number could be expressed as a power of 10 (e.g., 11.5 x 102 or 1.15 x

103), this form is not used generally because it would not be consistent with the normal
expression of results and might be confusing. In most other cases, there will be no doubt as to the
sense in which the digit 0 is used. It is obvious that the zeros are significant in such numbers as
104 and 40.08. In a number written as 5.000, it is understood that all the zeros are significant, or
else the number could have been rounded off to 5.00, 5.0, or 5, whichever was appropriate.
Whenever the zero is ambiguous, it is advisable to accompany the result with an estimate of its
uncertainty.

Sometimes, significant zeros are dropped without good cause. If a buret is read as “*23.60
mL,”” it should be so recorded, and not as “*23.6 mL.”” The first number indicates that the
analyst took the trouble to estimate the second decimal place; ““23.6 mL’’ would indicate a
rather careless reading of the buret.

4. Standard Deviation

If, for example, a calculation yields a result of 1449 mg/L or 1451 mg/L with a standard
deviation of £100 mg/L, report as 1449 + 100 mg/L or 1451 £+ 100 mg/L, respectively. Ensure
that the number of significant figures in the standard deviation is not reduced if the value is 100
+ 1. This could cause incorrect rounding of data to 1400 or 1500 mg/L, respectively.

5. Calculations

As a practical operating rule, round off the result of a calculation in which several numbers
are multiplied or divided to as few significant figures as are present in the factor with the fewest
significant figures. Suppose that the following calculations must be made to obtain the result of
an analysis:

56 X 0.003 462 < 43722
1.684

A ten-place calculator yields an answer of ““4.975 740 998.”” Round off this number to *‘5.0”’
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because one of the measurements that entered into the calculation, 56, has only two significant
figures. It was unnecessary to measure the other three factors to four significant figures because
the “*56°" is the “‘weakest link in the chain’” and limits accuracy of the answer. If the other
factors were measured to only three, instead of four, significant figures, the answer would not
suffer and the labor might be less.

When numbers are added or subtracted, the number that has the fewest decimal places, not
necessarily the fewest significant figures, puts the limit on the number of places that justifiably
may be carried in the sum or difference. Thus the sum

0.0072
12.02
4.0078
25.9
4886
4927.9350

must be rounded off to “*4928,”” no decimals, because one of the addends, 4886, has no
decimal places. Notice that another addend, 25.9, has only three significant figures and yet it
does not set a limit to the number of significant figures in the answer.The preceding discussion
is necessarily oversimplified. The reader is referred to mathematical texts for more detailed
discussion.

1060 COLLECTION AND PRESERVATION OF SAMPLES

1060 A. Introduction

It is an old axiom that the result of any testing method can be no better than the sample on
which it is performed. It is beyond the scope of this publication to specify detailed procedures
for the collection of all samples because of varied purposes and analytical procedures. Detailed
information is presented in specific methods. This section presents general considerations,
applicable primarily to chemical analyses. See appropriate sections for samples to be used in
toxicity testing and microbiological, biological, and radiological examinations.

The objective of sampling is to collect a portion of material small enough in volume to be
transported conveniently and yet large enough for analytical purposes while still accurately
representing the material being sampled. This objective implies that the relative proportions or
concentrations of all pertinent components will be the same in the samples as in the material
being sampled, and that the sample will be handled in such a way that no significant changes in
composition occur before the tests are made.
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Frequently the objective of sampling and testing is to demonstrate whether continuing
compliance with specific regulatory requirements has been achieved. Samples are presented to
the laboratory for specific determinations with the sampler being responsible for collecting a
valid and representative sample. Because of the increasing importance placed on verifying the
accuracy and representativeness of data, greater emphasis is placed on proper sample collection,
tracking, and preservation techniques. Often, laboratory personnel help in planning a sampling
program, in consultation with the user of the test results. Such consultation is essential to ensure
selecting samples and analytical methods that provide a sound and valid basis for answering the
questions that prompted the sampling and that will meet regulatory and/or project-specific
requirements.

This section addresses the collection and preservation of water and wastewater samples; the
general principles also apply to the sampling of solid or semisolid matrices.

1. General Requirements
Obtain a sample that meets the requirements of the sampling program and handle it so that it
does not deteriorate or become contaminated or compromised before it is analyzed.

Ensure that all sampling equipment is clean and quality-assured before use. Use sample
containers that are clean and free of contaminants. Bake at 450°C all bottles to be used for
organic-analysis sampling.

Fill sample containers without prerinsing with sample; prerinsing results in loss of any
pre-added preservative and sometimes can bias results high when certain components adhere to
the sides of the container. Depending on determinations to be performed, fill the container full
(most organic compound determinations) or leave space for aeration, mixing, etc.
(microbiological and inorganic analyses). If a bottle already contains preservative, take care not
to overfill the bottle, as preservative may be lost or diluted. Except when sampling for analysis
of volatile organic compounds, leave an air space equivalent to approximately 1% of the
container volume to allow for thermal expansion during shipment.

Special precautions (discussed below) are necessary for samples containing organic
compounds and trace metals. Because many constituents may be present at low concentrations
(micrograms or nanograms per liter), they may be totally or partially lost or easily contaminated
when proper sampling and preservation procedures are not followed.

Composite samples can be obtained by collecting over a period of time, depth, or at many
different sampling points. The details of collection vary with local conditions, so specific
recommendations are not universally applicable. Sometimes it is more informative to analyze
numerous separate samples instead of one composite so that variability, maxima, and minima
can be determined.

Because of the inherent instability of certain properties and compounds, composite sampling
for some analytes is not recommended where quantitative values are desired (examples include
oil and grease, acidity, alkalinity, carbon dioxide, chlorine residual, iodine, hexavalent
chromium, nitrate, volatile organic compounds, radon-222, dissolved oxygen, ozone,
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temperature, and pH). In certain cases, such as for BOD, composite samples are routinely
required by regulatory agencies. Refrigerate composite samples for BOD and nitrite.

Sample carefully to ensure that analytical results represent the actual sample composition.
Important factors affecting results are the presence of suspended matter or turbidity, the method
chosen for removing a sample from its container, and the physical and chemical changes brought
about by storage or aeration. Detailed procedures are essential when processing (blending,
sieving, filtering) samples to be analyzed for trace constituents, especially metals and organic
compounds. Some determinations can be invalidated by contamination during processing. Treat
each sample individually with regard to the substances to be determined, the amount and nature
of turbidity present, and other conditions that may influence the results.

Carefully consider the technique for collecting a representative sample and define it in the
sampling plan. For metals it often is appropriate to collect both a filtered and an unfiltered
sample to differentiate between total and dissolved metals present in the matrix. Be aware that
some metals may partially sorb to filters. Beforehand, determine the acid requirements to bring
the pH to <2 on a separate sample. Add the same relative amount of acid to all samples; use
ultrapure acid preservative to prevent contamination. Be sure that the dilution caused by
acidifying is negligible or sufficiently reproducible for a dilution correction factor. When filtered
samples are to be collected, filter them, if possible, in the field, or at the point of collection
before preservation with acid. Filter samples in a laboratory-controlled environment if field
conditions could cause error or contamination; in this case filter as soon as possible. Often slight
turbidity can be tolerated if experience shows that it will cause no interference in gravimetric or
volumetric tests and that its influence can be corrected in colorimetric tests, where it has
potentially the greatest interfering effect. Sample collector must state whether or not the sample
has been filtered.

Make a record of every sample collected and identify every bottle with a unique sample
number, preferably by attaching an appropriately inscribed tag or label. Document sufficient
information to provide positive sample identification at a later date, including the unique sample
identification number, the name of the sample collector, the date, hour, exact location, and, if
possible, sample type (e.g., grab or composite), and any other data that may be needed for
correlation, such as water temperature, weather conditions, water level, stream flow,
post-collection conditions, etc. If space for all pertinent information for label or attached tag is
insufficient, record information in a bound sample log book at the sampling site at the time of
sample collection. Use waterproof ink to record all information (preferably with black,
non-solvent-based ink). Fix sampling points by detailed description in the sampling plan, by
maps, or with the aid of stakes, buoys, or landmarks in a manner that will permit their
identification by other persons without reliance on memory or personal guidance. Global
positioning systems (GPS) also are used and supply accurate sampling position data. Particularly
when sample results are expected to be involved in litigation, use formal “*chain-of-custody’’
procedures (see | B.2 below), which trace sample history from collection to final reporting.

Before collecting samples from distribution systems, flush lines with three to five pipe
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volumes (or until water is being drawn from the main source) to ensure that the sample is
representative of the supply, taking into account the volume of pipe to be flushed and the flow
velocity. If the distribution system volume is unavailable, flush with tap fully open for at least 2
to 3 min before sampling. An exception to these guidelines, i.e., collecting a first draw sample, is
when information on areas of reduced or restricted flow is desired or when samples for lead in
drinking water are being collected.

Although well pumping protocols depend on the objectives of an investigation and other
factors such as well characteristics and available equipment, a general rule is to collect samples
from wells only after the well has been purged sufficiently (usually with three to ten well
volumes) to ensure that the sample represents the groundwater. Purging stagnant water is critical.
Sometimes it will be necessary to pump at a specified rate to achieve a characteristic drawdown,
if this determines the zones from which the well is supplied; record purging rate and drawdown,
if necessary. By using methods with minimal drawdown, purging volumes can be reduced
significantly.

When samples are collected from a river or stream, observed results may vary with depth,
stream flow, and distance from each shore. Selection of the number and distribution of sites at
which samples should be collected depends on study objectives, stream characteristics, available
equipment, and other factors. If equipment is available, take an integrated sample from top to
bottom in the middle of the main channel of the stream or from side to side at mid-depth. If only
grab or catch samples can be collected, preferably take them at various points of equal distance
across the stream; if only one sample can be collected, take it in the middle of the main channel
of the stream and at mid-depth. Integrated samples are described further in § B.1c below.

Rivers, streams, lakes, and reservoirs are subject to considerable variations from normal
causes such as seasonal stratification, diurnal variations, rainfall, runoff, and wind. Choose
location, depth, and frequency of sampling depending on local conditions and the purpose of the
investigation.

Use the following examples for general guidance. Avoid areas of excessive turbulence
because of potential loss of volatile constituents and of potential presence of denser-than-air
toxic vapors. Avoid sampling at weirs if possible because such locations tend to favor retrieval
of lighter-than-water, immiscible compounds. Generally, collect samples beneath the surface in
quiescent areas and open sampling container below surface with the mouth directed toward the
current to avoid collecting surface scum unless oil and grease is a constituent of interest; then
collect water at the surface. If composite samples are required, ensure that sample constituents
are not lost during compositing because of improper handling of portions being composited. If
samples will be analyzed for organic constituents, refrigerate composited portions. Do not
composite samples for VOC analysis because some of the components will be lost through
volatilization.

2. Safety Considerations
Because sample constituents may be toxic, take adequate precautions during sampling and
sample handling. Toxic substances can enter through the skin and eyes and, in the case of
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vapors, also through the lungs. Ingestion can occur via direct contact of toxic materials with
foods or by adsorption of vapors onto foods. Precautions may be limited to wearing gloves or
may include coveralls, aprons, or other protective apparel. Often, the degree of protection
provided by chemical protective clothing (CPC) is specific for different manufacturers and their
product models?; ensure that the clothing chosen will offer adequate protection. Always wear
eye protection (e.g., safety glasses with side shields or goggles). When toxic vapors may be
present, sample only in well-ventilated areas, or use an appropriate respirator or self-contained
breathing apparatus. In a laboratory, open sample containers in a fume hood. Never have food in
the laboratory, near samples, or near sampling locations; always wash hands thoroughly before
handling food.2

Always prohibit eating, drinking, or smoking near samples, sampling locations, and in the
laboratory. Keep sparks, flames, and excessive heat sources away from samples and sampling
locations. If flammable compounds are suspected or known to be present and samples are to be
refrigerated, use only specially designed explosion-proof refrigerators.?

Collect samples safely, avoiding situations that may lead to accidents. When in doubt as to
the level of safety precautions needed, consult a knowledgeable industrial hygienist or safety
professional. Samples with radioactive contaminants may require other safety considerations;
consult a health physicist.

Label adequately any sample known or suspected to be hazardous because of flammability,
corrosivity, toxicity, oxidizing chemicals, or radioactivity, so that appropriate precautions can be
taken during sample handling, storage, and disposal.

3. References
1. FORSBERG K. & L.H. KEITH. 1998. Instant Gloves and CPC Database. Instant Reference
Sources, Inc. Austin, Tex.
2. WATER POLLUTION CONTROL FEDERATION. 1986. Removal of Hazardous Wastes in
Wastewater Facilities—Halogenated Organics. Manual of Practice FD-11, Water
Pollution Control Fed., Alexandria, Va.

1060 B. Collection of Samples

1. Types of Samples

a. Grab samples: Grab samples are single samples collected at a specific spot at a site over a
short period of time (typically seconds or minutes). Thus, they represent a “*snapshot’” in both
space and time of a sampling area. Discrete grab samples are taken at a selected location, depth,
and time. Depth-integrated grab samples are collected over a predetermined part or the entire
depth of a water column, at a selected location and time in a given body of water.

A sample can represent only the composition of its source at the time and place of
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collection. However, when a source is known to be relatively constant in composition over an
extended time or over substantial distances in all directions, then the sample may represent a
longer time period and/or a larger volume than the specific time and place at which it was
collected. In such circumstances, a source may be represented adequately by single grab
samples. Examples are protected groundwater supplies, water supplies receiving conventional
treatment, some well-mixed surface waters, but rarely, wastewater streams, rivers, large lakes,
shorelines, estuaries, and groundwater plumes.

When a source is known to vary with time, grab samples collected at suitable intervals and
analyzed separately can document the extent, frequency, and duration of these variations.
Choose sampling intervals on the basis of the expected frequency of changes, which may vary
from as little as 5 min to as long as 1 h or more. Seasonal variations in natural systems may
necessitate sampling over months. When the source composition varies in space (i.e., from
location to location) rather than time, collect samples from appropriate locations that will meet
the objectives of the study (for example, upstream and downstream from a point source, etc.).

The same principles apply to sampling wastewater sludges, sludge banks, and muds,
although these matrices are not specifically addressed in this section. Take every possible
precaution to obtain a representative sample or one conforming to a sampling program.

b. Composite samples: Composite samples should provide a more representative sampling of
heterogeneous matrices in which the concentration of the analytes of interest may vary over short
periods of time and/or space. Composite samples can be obtained by combining portions of
multiple grab samples or by using specially designed automatic sampling devices. Sequential
(time) composite samples are collected by using continuous, constant sample pumping or by
mixing equal water volumes collected at regular time intervals. Flow-proportional composites
are collected by continuous pumping at a rate proportional to the flow, by mixing equal volumes
of water collected at time intervals that are inversely proportional to the volume of flow, or by
mixing volumes of water proportional to the flow collected during or at regular time intervals.

Advantages of composite samples include reduced costs of analyzing a large number of
samples, more representative samples of heterogeneous matrices, and larger sample sizes when
amounts of test samples are limited. Disadvantages of composite samples include loss of analyte
relationships in individual samples, potential dilution of analytes below detection levels,
increased potential analytical interferences, and increased possibility of analyte interactions. In
addition, use of composite samples may reduce the number of samples analyzed below the
required statistical need for specified data quality objectives or project-specific objectives.

Do not use composite samples with components or characteristics subject to significant and
unavoidable changes during storage. Analyze individual samples as soon as possible after
collection and preferably at the sampling point. Examples are dissolved gases, residual chlorine,
soluble sulfide, temperature, and pH. Changes in components such as dissolved oxygen or
carbon dioxide, pH, or temperature may produce secondary changes in certain inorganic
constituents such as iron, manganese, alkalinity, or hardness. Some organic analytes also may be
changed by changes in the foregoing components. Use time-composite samples only for
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determining components that can be demonstrated to remain unchanged under the conditions of
sample collection, preservation, and storage.

Collect individual portions in a wide-mouth bottle every hour (in some cases every half hour
or even every 5 min) and mix at the end of the sampling period or combine in a single bottle as
collected. If preservatives are used, add them to the sample bottle initially so that all portions of
the composite are preserved as soon as collected.

Automatic sampling devices are available; however, do not use them unless the sample is
preserved as described below. Composite samplers running for extended periods (weeks to
months) should undergo routine cleaning of containers and sample lines to minimize sample
growth and deposits.

c. Integrated (discharge-weighted) samples: For certain purposes, the information needed is
best provided by analyzing mixtures of grab samples collected from different points
simultaneously, or as nearly so as possible, using discharge-weighted methods such as
equal-width increment (EWI) or equal discharge-increment (EDI) procedures and equipment. An
example of the need for integrated sampling occurs in a river or stream that varies in
composition across its width and depth. To evaluate average composition or total loading, use a
mixture of samples representing various points in the cross-section, in proportion to their relative
flows. The need for integrated samples also may exist if combined treatment is proposed for
several separate wastewater streams, the interaction of which may have a significant effect on
treatability or even on composition. Mathematical prediction of the interactions among chemical
components may be inaccurate or impossible and testing a suitable integrated sample may
provide more useful information.

Both lakes and reservoirs show spatial variations of composition (depth and horizontal
location). However, there are conditions under which neither total nor average results are
especially useful, but local variations are more important. In such cases, examine samples
separately (i.e., do not integrate them).

Preparation of integrated samples usually requires equipment designed to collect a sample
water uniformly across the depth profile. Knowledge of the volume, movement, and composition
of the various parts of the water being sampled usually is required. Collecting integrated samples
is a complicated and specialized process that must be described adequately in a sampling plan.

2. Chain-of-Custody Procedures

Properly designed and executed chain-of-custody forms will ensure sample integrity from
collection to data reporting. This includes the ability to trace possession and handling of the
sample from the time of collection through analysis and final disposition. This process is referred
to as “‘chain-of-custody’” and is required to demonstrate sample control when the data are to be
used for regulation or litigation. Where litigation is not involved, chain-of-custody procedures
are useful for routine control of samples.

A sample is considered to be under a person’s custody if it is in the individual’s physical
possession, in the individual’s sight, secured and tamper-proofed by that individual, or secured in
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an area restricted to authorized personnel. The following procedures summarize the major
aspects of chain of custody. More detailed discussions are available.1.2

a. Sample labels (including bar-code labels): Use labels to prevent sample misidentification.
Gummed paper labels or tags generally are adequate. Include at least the following information:
a unique sample number, sample type, name of collector, date and time of collection, place of
collection, and sample preservative. Also include date and time of preservation for comparison
to date and time of collection. Affix tags or self-adhesive labels to sample containers before, or
at the time of, sample collection.

b. Sample seals: Use sample seals to detect unauthorized tampering with samples up to the
time of analysis. Use self-adhesive paper seals that include at least the following information:
sample number (identical with number on sample label), collector’s name, and date and time of
sampling. Plastic shrink seals also may be used.

Attach seal in such a way that it is necessary to break it to open the sample container or the
sample shipping container (e.g., a cooler). Affix seal to container before sample leaves custody
of sampling personnel.

c. Field log book: Record all information pertinent to a field survey or sampling in a bound
log book. As a minimum, include the following in the log book: purpose of sampling; location of
sampling point; name and address of field contact; producer of material being sampled and
address, if different from location; type of sample; and method, date, and time of preservation. If
the sample is wastewater, identify process producing waste stream. Also provide suspected
sample composition, including concentrations; number and volume of sample(s) taken;
description of sampling point and sampling method; date and time of collection; collector’s
sample identification number(s); sample distribution and how transported; references such as
maps or photographs of the sampling site; field observations and measurements; and signatures
of personnel responsible for observations. Because sampling situations vary widely, it is
essential to record sufficient information so that one could reconstruct the sampling event
without reliance on the collector’s memory. Protect log book and keep it in a safe place.

d. Chain-of-custody record: Fill out a chain-of-custody record to accompany each sample or
group of samples. The record includes the following information: sample number; signature of
collector; date, time, and address of collection; sample type; sample preservation requirements;
signatures of persons involved in the chain of possession; and inclusive dates and times of
possession.

e. Sample analysis request sheet: The sample analysis request sheet accompanies samples to
the laboratory. The collector completes the field portion of such a form that includes most of the
pertinent information noted in the log book. The laboratory portion of such a form is to be
completed by laboratory personnel and includes: name of person receiving the sample,
laboratory sample number, date of sample receipt, condition of each sample (i.e., if it is cold or
warm, whether the container is full or not, color, if more than one phase is present, etc.), and
determinations to be performed.
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f. Sample delivery to the laboratory: Deliver sample(s) to laboratory as soon as practicable
after collection, typically within 2 d. Where shorter sample holding times are required, make
special arrangements to insure timely delivery to the laboratory. Where samples are shipped by a
commercial carrier, include the waybill number in the sample custody documentation. Insure that
samples are accompanied by a completed chain-of-custody record and a sample analysis request
sheet. Deliver sample to sample custodian.

g. Receipt and logging of sample: In the laboratory, the sample custodian inspects the
condition and seal of the sample and reconciles label information and seal against the
chain-of-custody record before the sample is accepted for analysis. After acceptance, the
custodian assigns a laboratory number, logs sample in the laboratory log book and/or
computerized laboratory information management system, and stores it in a secured storage
room or cabinet or refrigerator at the specified temperature until it is assigned to an analyst.

h. Assignment of sample for analysis: The laboratory supervisor usually assigns the sample
for analysis. Once the sample is in the laboratory, the supervisor or analyst is responsible for its
care and custody.

i. Disposal: Hold samples for the prescribed amount of time for the project or until the data
have been reviewed and accepted. Document the disposition of samples. Ensure that disposal is
in accordance with local, state, and U.S. EPA approved methods.

3. Sampling Methods

a. Manual sampling: Manual sampling involves minimal equipment but may be unduly
costly and time-consuming for routine or large-scale sampling programs. It requires trained field
technicians and is often necessary for regulatory and research investigations for which critical
appraisal of field conditions and complex sample collection techniques are essential. Manually
collect certain samples, such as waters containing oil and grease.

b. Automatic sampling: Automatic samplers can eliminate human errors in manual sampling,
can reduce labor costs, may provide the means for more frequent sampling,3 and are used
increasingly. Be sure that the automatic sampler does not contaminate the sample. For example,
plastic components may be incompatible with certain organic compounds that are soluble in the
plastic parts or that can be contaminated (e.g., from phthalate esters) by contact with them. If
sample constituents are generally known, contact the manufacturer of an automatic sampler
regarding potential incompatibility of plastic components.

Program an automatic sampler in accordance with sampling needs. Carefully match pump
speeds and tubing sizes to the type of sample to be taken.

c. Sorbent sampling: Use of solid sorbents, particularly membrane-type disks, is becoming
more frequent. These methods offer advantages of rapid, inexpensive sampling if the analytes of
interest can be adsorbed and desorbed efficiently and the water matrix is free of particulates that
plug the sorbent.

4. Sample Containers
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The type of sample container used is of utmost importance. Test sample containers and
document that they are free of analytes of interest, especially when sampling and analyzing for
very low analyte levels. Containers typically are made of plastic or glass, but one material may
be preferred over the other. For example, silica, sodium, and boron may be leached from soft
glass but not plastic, and trace levels of some pesticides and metals may sorb onto the walls of

glass containers.# Thus, hard glass containers*#(3) are preferred. For samples containing organic
compounds, do not use plastic containers except those made of fluorinated polymers such as

polytetrafluoroethylene (PTFE).3

Some sample analytes may dissolve (be absorbed) into the walls of plastic containers;
similarly, contaminants from plastic containers may leach into samples. Avoid plastics wherever
possible because of potential contamination from phthalate esters. Container failure due to
breakdown of the plastic is possible. Therefore, use glass containers for all organics analyses
such as volatile organics, semivolatile organics, pesticides, PCBs, and oil and grease. Some
analytes (e.g., bromine-containing compounds and some pesticides, polynuclear aromatic
compounds, etc.) are light-sensitive; collect them in amber-colored glass containers to minimize
photodegradation. Container caps, typically plastic, also can be a problem. Do not use caps with
paper liners. Use foil or PTFE liners but be aware that metal liners can contaminate samples
collected for metals analysis and they may also react with the sample if it is acidic or alkaline.
Serum vials with PTFE-lined rubber or plastic septa are useful.

In rare situations it may be necessary to use sample containers not specifically prepared for
use, or otherwise unsuitable for the particular situation; thoroughly document these deviations.
Documentation should include type and source of container, and the preparation technique, e.g.,
acid washed with reagent water rinse. For QA purposes the inclusion of a bottle blank may be
necessary.

5. Number of Samples

Because of variability from analytical and sampling procedures (i.e., population variability),
a single sample is insufficient to reach any reasonable desired level of confidence. If an overall
standard deviation (i.e., the standard deviation of combined sampling and analysis) is known, the

required number of samples for a mobile matrix such as water may be estimated as follows:4
s\
N=|=
U
N = number of samples,

t = Student-t statistic for a given confidence level,
s = overall standard deviation, and
U = acceptable level of uncertainty.

where:
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To assist in calculations, use curves such as those in Figure 1060:1. As an example, if s is 0.5
mg/L, U is £ 0.2 mg/L, and a 95% confidence level is desired, approximately 25 to 30 samples
must be taken.

The above equation assumes that total error (population variability) is known. Total
variability consists of all sources of variability, including: the distribution of the analytes of
interest within the sampling site, collection, preservation, preparation, and analysis of samples,
and data handling and reporting. In simpler terms, error (variability) can be divided into
sampling and analysis components. Sampling error due to population variability (including
heterogeneous distribution of analytes in the environmental matrix) usually is much larger than
analytical error components. Unfortunately, sampling error usually is not available and the
analyst is left with only the published error of the measurement system (typically obtained by
using a reagent water matrix under the best analytical conditions).

More accurate equations are available.® These are based on the Z distribution for determining
the number of samples needed to estimate a mean concentration when variability is estimated in
absolute terms using the standard deviation. The coefficient of variation (relative standard
deviation) is used when variability is estimated in relative terms.

The number of random samples to be collected at a site can be influenced partly by the
method that will be used. The values for standard deviation (SD) or relative standard deviation

(RSD) may be obtained from each of the methods or in the literature.6 However, calculations of
estimated numbers of samples needed based only on this information will result in
underestimated numbers of samples because only the analytical variances are considered, and the
typically larger variances from the sampling operations are not included. Preferably, determine
and use SDs or RSDs from overall sampling and analysis operations.

For estimates of numbers of samples needed for systematic sampling (e.g., drilling wells for
sampling groundwater or for systematically sampling large water bodies such as lakes),

equations are available’ that relate number of samples to shape of grid, area covered, and space
between nodes of grid. The grid spacing is a complex calculation that depends on the size and
shape of any contaminated spot (such as a groundwater plume) to be identified, in addition to the
geometric shape of the sampling grid.

See individual methods for types and numbers of quality assurance (QA) and quality control
(QC) samples, e.g., for normal-level (procedural) or low-level (contamination) bias or for
precision, involving sampling or laboratory analysis (either overall or individually). Estimates of
numbers of QC samples needed to achieve specified confidence levels also can be calculated.
Rates of false positives (Type | error) and false negatives (Type Il error) are useful parameters
for estimating required numbers of QC samples. A false positive is the incorrect conclusion that
an analyte is present when it is absent. A false negative is the incorrect conclusion that an
analyte is absent when it is present. If the frequency of false positives or false negatives desired
to be detected is less than 10%, then
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In o
n= -
In{l = Y)

where:

a = (1 — desired confidence level), and
Y = frequency to detect (<10%).

If the frequency that is desirable to detect is more than 10%, iterative solution of a binomial
equation is necessary.>8

Equations are available as a computer programt#(4) for computing sample number by the Z
distribution, for estimating samples needed in systematic sampling, and for estimating required
number of QC samples.

6. Sample Volumes

Collect a 1-L sample for most physical and chemical analyses. For certain determinations,
larger samples may be necessary. Table 1060:1 lists volumes ordinarily required for analyses, but
it is strongly recommended that the laboratory that will conduct the analyses also be consulted to
verify the analytical needs of sampling procedures as they pertain to the goals and data quality
objective of an investigation.

Do not use samples from the same container for multiple testing requirements (e.g., organic,
inorganic, radiological, bacteriological, and microscopic examinations) because methods of
collecting and handling are different for each type of test. Always collect enough sample volume
in the appropriate container in order to comply with sample handling, storage, and preservation
requirements.
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1060 C. Sample Storage and Preservation

Complete and unequivocal preservation of samples, whether domestic wastewater, industrial
wastes, or natural waters, is a practical impossibility because complete stability for every
constituent never can be achieved. At best, preservation techniques only retard chemical and
biological changes that inevitably continue after sample collection.

1. Sample Storage before Analysis

a. Nature of sample changes: Some determinations are more affected by sample storage than
others. Certain cations are subject to loss by adsorption on, or ion exchange with, the walls of
glass containers. These include aluminum, cadmium, chromium, copper, iron, lead, manganese,
silver, and zinc, which are best collected in a separate clean bottle and acidified with nitric acid
to a pH below 2.0 to minimize precipitation and adsorption on container walls. Also, some
organics may be subject to loss by adsorption to the walls of glass containers.

Temperature changes quickly; pH may change significantly in a matter of minutes; dissolved
gases (oxygen, carbon dioxide) may be lost. Because changes in such basic water quality
properties may occur so quickly, determine temperature, reduction-oxidation potential, and
dissolved gases in situ and pH, specific conductance, turbidity, and alkalinity immediately after
sample collection. Many organic compounds are sensitive to changes in pH and/or temperature
resulting in reduced concentrations during storage.

Changes in the pH-alkalinity-carbon dioxide balance may cause calcium carbonate to
precipitate, decreasing the values for calcium and total hardness.

Iron and manganese are readily soluble in their lower oxidation states but relatively insoluble
in their higher oxidation states; therefore, these cations may precipitate or they may dissolve
from a sediment, depending on the redox potential of the sample. Microbiological activity may
affect the nitrate-nitrite-ammonia content, phenol or BOD concentration, or the reduction of
sulfate to sulfide. Residual chlorine is reduced to chloride. Sulfide, sulfite, ferrous iron, iodide,
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and cyanide may be lost through oxidation. Color, odor, and turbidity may increase, decrease, or
change in quality. Sodium, silica, and boron may be leached from the glass container.
Hexavalent chromium may be reduced to trivalent chromium.

Biological activity taking place in a sample may change the oxidation state of some
constituents. Soluble constituents may be converted to organically bound materials in cell
structures, or cell lysis may result in release of cellular material into solution. The well-known
nitrogen and phosphorus cycles are examples of biological influences on sample composition.

Zero head-space is important in preservation of samples with volatile organic compounds
and radon. Avoid loss of volatile materials by collecting sample in a completely filled container.
Achieve this by carefully filling the bottle so that top of meniscus is above the top of the bottle
rim. It is important to avoid spillage or air entrapment if preservatives such as HCI or ascorbic
acid have already been added to the bottle. After capping or sealing bottle, check for air bubbles
by inverting and gently tapping it; if one or more air bubbles are observed then, if practical,
discard the sample and repeat refilling bottle with new sample until no air bubbles are observed
(this cannot be done if bottle contained preservatives before it was filled).

Serum vials with septum caps are particularly useful in that a sample portion for analysis can

be taken through the cap by using a syringe,! although the effect of pressure reduction in the
head-space must be considered. Pulling a sample into a syringe under vacuum can result in low
bias data for volatile compounds and the resulting headspace precludes taking further
subsamples.

b. Time interval between collection and analysis: In general, the shorter the time that elapses
between collection of a sample and its analysis, the more reliable will be the analytical results.
For certain constituents and physical values, immediate analysis in the field is required. For
composited samples it is common practice to use the time at the end of composite collection as
the sample collection time.

Check with the analyzing laboratory to determine how much elapsed time may be allowed
between sample collection and analysis; this depends on the character of the sample and the
stability of the target analytes under the conditions of storage. Many regulatory methods limit the
elapsed time between sample collection and analysis (see Table 1060:1). Changes caused by
growth of microorganisms are greatly retarded by keeping the sample at a low temperature
(<4°C but above freezing). When the interval between sample collection and analysis is long
enough to produce changes in either the concentration or the physical state of the constituent to
be measured, follow the preservation practices given in Table 1060:1. Record time elapsed
between sampling and analysis, and which preservative, if any, was added.

2. Preservation Techniques

To minimize the potential for volatilization or biodegradation between sampling and
analysis, keep samples as cool as possible without freezing. Preferably pack samples in crushed
or cubed ice or commercial ice substitutes before shipment. Avoid using dry ice because it will
freeze samples and may cause glass containers to break. Dry ice also may effect a pH change in
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samples. Keep composite samples cool with ice or a refrigeration system set at 4°C during
compositing. Analyze samples as quickly as possible on arrival at the laboratory. If immediate

analysis is not possible, preferably store at 4°C.1

No single method of preservation is entirely satisfactory; choose the preservative with due
regard to the determinations to be made. Use chemical preservatives only when they do not
interfere with the analysis being made. When they are used, add them to the sample bottle
initially so that all sample portions are preserved as soon as collected. Because a preservation
method for one determination may interfere with another one, samples for multiple
determinations may need to be split and preserved separately. All methods of preservation may
be inadequate when applied to suspended matter. Do not use formaldehyde as a preservative for
samples collected for chemical analysis because it affects many of the target analytes.

Methods of preservation are relatively limited and are intended generally to retard biological
action, retard hydrolysis of chemical compounds and complexes, and reduce volatility of
constituents.

Preservation methods are limited to pH control, chemical addition, the use of amber and
opaque bottles, refrigeration, filtration, and freezing. Table 1060:1 lists preservation methods by
constituent. See Section 7010B for sample collection and preservation requirements for
radionuclides.

The foregoing discussion is by no means exhaustive and comprehensive. Clearly it is
impossible to prescribe absolute rules for preventing all possible changes. Additional advice will
be found in the discussions under individual determinations, but to a large degree the
dependability of an analytical determination rests on the experience and good judgment of the
person collecting the sample. Numbers of samples required for confidence levels in data quality
objectives, however, rely on statistical equations such as those discussed earlier.

3. Reference
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1080 REAGENT WATER

1080 A. Introduction
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One of the most important aspects of analysis is the preparation of reagent water to be used
for dilution of reagents and for blank analysis. Reagent water is water with no detectable
concentration of the compound or element to be analyzed at the detection limit of the analytical
method. Reagent water should be free of substances that interfere with analytical methods. The
quality of water required is related directly to the analysis being made. Requirements for water
quality may differ for organic, inorganic, and biological constituents depending on the use(s) for
which the water is intended.

Any method of preparation of reagent water is acceptable provided that the requisite quality
can be met. Improperly maintained systems may add contaminants. Reverse osmosis, distillation,
and deionization in various combinations all can produce reagent water when used in the proper
arrangement. Ultrafiltration and/or ultraviolet treatment also may be used as part of the process.
Section 1080 provides general guidelines for the preparation of reagent water. Table 1080:1 lists
commonly available processes for water purification and major classes of contaminants removed
by purification.

For details on preparing water for microbiological tests, see Section 9020B.3c.

1080 B. Methods for Preparation of Reagent Water

1. Distillation

Prepare laboratory-grade distilled water by distilling water from a still of all-borosilicate
glass, fused quartz, tin, or titanium. To remove ammonia distill from an acid solution. Remove
CO, by boiling the water for 15 min and cooling rapidly to room temperature; exclude

atmospheric CO, by using a tube containing soda lime or a commercially available
CO,-removing agent.*#(5)

Boiling the water may add other impurities by leaching impurities from the container.
Freshly replaced filters, cartridges and resins initially can release impurities. Pretreat feedwater
and provide periodic maintenance to minimize scale formation within the still. Pretreatment may
be required where the feedwater contains significant concentrations of calcium, magnesium, and
bicarbonate ions; it may involve demineralization via reverse 0osmosis or ion exchange.

2. Reverse Osmosis

Reverse osmosis is a process in which water is forced under pressure through a
semipermeable membrane removing a portion of dissolved constituents and suspended
impurities. Product water quality depends on feedwater quality.

Select the reverse osmosis membrane module appropriate to the characteristics of the
feedwater. Obtain rejection data for contaminants in the feedwater at the operating pressure to be
used in preparing reagent water. Set overall water production to make the most economical use
of water without compromising the final quality of the permeate. Selection of spiral-wound or
hollow fiber configurations depends on fouling potential of the feedwater. Regardless of
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configuration used, pretreatment may be required to minimize membrane fouling with colloids or
particulates and to minimize introduction of chlorine, iron, and other oxidizing compounds that
may degrade reverse osmosis membranes. Periodic flushing of the membrane modules is
necessary.

3. lon Exchange

Prepare deionized water by passing feedwater through a mixed-bed ion exchanger,
consisting of strong anion and strong cation resins mixed together. When the system does not run
continuously, recirculate product water through ion-exchange bed.

Use separate anion and cation resin beds in applications where resin regeneration is
economically attractive. In such instances, position the anion exchanger downstream of the
cation exchanger to remove leachates from the cation resin. Proper bed sizing is critical to the
performance of the resins. In particular, set the length-to-diameter ratio of the bed in accordance
with the maximum process flow rate to ensure that optimal face velocities are not exceeded and
that sufficient residence time is provided.

In applications where the feedwater has significant quantities of organic matter, remove
organics to minimize potential fouling of the resins. Possible pretreatments include prefiltration,
distillation, reverse osmosis, or adsorption.

4. Adsorption

Adsorption is generally used to remove chlorine and organic impurities. It is accomplished
typically with granular activated carbon. Efficiency of organics removal depends on the nature of
the organic contaminants, the physical characteristics of the activated carbon, and the operating
conditions. In general, organics adsorption efficiency is inversely proportional to solubility and
may be inadequate for the removal of low-molecular-weight, polar compounds. Performance
differences among activated carbons are attributable to the use of different raw materials and
activation procedures. Select the appropriate activated carbon with regard to these differences.
Even with optimum activated carbon, proper performance will not be attained unless the column
is sized to give required face velocity and residence time at the maximum process flow rate.

Use of activated carbon may adversely affect resistivity. This effect may be controlled by use
of reverse osmosis, mixed resins, or special adsorbents. To achieve the lowest level of organic
contamination, use mixtures of polishing resins with special carbons in conjunction with
additional treatment steps, such as reverse osmosis, natural carbons, ultraviolet oxidation, or
ultrafiltration.

1080 C. Reagent Water Quality

1. Quality Guidelines
Several guidelines for reagent water quality, based on contaminant levels, are available, but
the final test is the appropriateness for the analysis. Table 1080:11 lists some characteristics of
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various qualities of reagent water.

High-quality reagent water, having a minimum resistivity of 10 megohms-cm, 25°C (in line),
typically is prepared by distillation, deionization, or reverse osmosis treatment of feedwater
followed by polishing with a mixed-bed deionizer and passage through a 0.2-um-pore membrane
filter. Alternatively treat by reverse osmosis followed by carbon adsorption and deionization.
Determine quality at the time of production. Mixed-bed deionizers typically add small amounts
of organic matter to water, especially if the beds are fresh. Resistivity should be >10
megohm-cm at 25°C, measured in-line. Resistivity measurements will not detect organics or
nonionized contaminants, nor will they provide an accurate assessment of ionic contaminants at
the microgram-per-liter level.

Medium-quality water typically is produced by distillation or deionization. Resistivity should
be >1 megohm-cm at 25°C.

Low-quality water should have a minimum resistivity of 0.1 megohm-cm, and may be used
for glassware washing, preliminary rinsing of glassware, and as feedwater for production of
higher-grade waters.

The pH of high- or medium-quality water cannot be measured accurately without
contaminating the water. Measure other constituents as required for individual tests.

High-quality water cannot be stored without significant degradation; produce it continuously
and use it immediately after processing. Medium-quality water may be stored, but keep storage
to a minimum and provide quality consistent with the intended use. Store only in materials that
protect the water from contamination, such as TFE and glass for organics analysis or plastics for
metals. Store low-quality water in materials that protect the water from contamination.

2. Bibliography
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Vol. 11-01, D 1193-91. American Soc. Testing & Materials, Philadelphia, Pa.

1090 LABORATORY OCCUPATIONAL HEALTH AND SAFETY

1090 A. Introduction

1. General Discussion

Achievement of a safe and healthful workplace is the responsibility of the organization, the
laboratory manager, the supervisory personnel and, finally, the laboratory personnel themselves.
All laboratory employees must make every effort to protect themselves and their fellow workers
by conscientiously adhering to the health and safety program that has been developed and
documented specifically for their laboratory.

2. Organizing for Safety
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a. Overall program: The responsibility for establishing and enforcing a laboratory health
and safety (LH&S) program ultimately rests with the laboratory director. The LH&S program
must, at the minimum, address how to protect oneself from the hazards of working with
biological (1090H), chemical (1090J), and radiological (10901) agents. Such a program is a
necessary component of an overall laboratory quality system that provides for the health and
safety of the entire laboratory staff. As a part of the quality system, all aspects of the LH&S
program must be fully documented. Laboratory personnel must be trained. The LH&S program
must be fully implemented and its application audited periodically. Appropriate records of all
activities must be kept to document performance, meet appropriate regulatory requirements, and
document the status of the LH&S program.

In the United States, the minimum standard of practice for health and safety activities is

detailed in government documents.12 Each laboratory should appoint as needed a chemical
hygiene officer (CHO), a biological hygiene officer (BHO), a radiological hygiene officer
(RHO), and, where appropriate or desired, a LH&S committee. The CHO, the committee, and
laboratory management must develop, document, and implement a “‘written’” laboratory hygiene
plan (LHP), or chemical hygiene plan (CHP).

b. Specific responsibilities: Specific responsibilities applicable at various levels within the
organization are as follows:

1) The chief executive officer (CEQO) has ultimate responsibility for LH&S within the
organization and must, with other managers and supervisors, provide continuous support for the
LH&S program.

2) The supervisor has primary responsibility for the LH&S program in his or her work
group.

3) The biological hygiene officer (BHO) has the responsibility to work with managers,
supervisors, and other employees to develop and implement appropriate biological hygiene
policies and practices; monitor procurement, use, and disposal of biological agents used in the
laboratory; see that appropriate audits are conducted and that records are maintained; know the
current legal requirements concerning working with biological agents; and seek ways to improve
the biological hygiene program.

4) The chemical hygiene officer (CHO) has the same responsibilities as the biological
hygiene officer, but with respect to chemicals, and also is responsible for helping supervisors
(project directors) develop precautions and adequate facilities and for keeping material safety
data sheets (MSDSs) available for review.

5) The radiological hygiene officer (RHO), referred to as radiation safety officer in most
regulatory language, has the same responsibilities as the chemical hygiene officer, but with
respect to radiological chemicals and exposure.

6) The laboratory supervisor has overall responsibility for chemical hygiene in the
laboratory, including responsibility to ensure that workers know and follow the chemical
hygiene rules, that protective equipment is available and in working order, and that appropriate
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training has been provided; performs regular, formal chemical hygiene and housekeeping
inspections, including routine inspections of emergency equipment, and maintenance of
appropriate records; knows the current legal requirements concerning regulated substances;
specifies the required levels of protective apparel and equipment needed to perform the work;
and ensures that facilities and training for use of any material being ordered are adequate.

7) The project director (or a director of a specific operation) has primary responsibility for
biological, chemical, and/or radiological hygiene procedures as appropriate for all operations
under his or her control.

8) The laboratory worker has the responsibility for planning and conducting each operation
in accordance with the institutional chemical hygiene, biological hygiene, and radiological
hygiene procedures, and for developing good personal chemical, biological, and radiological
hygiene habits.

3. Records

Maintain records of all accidents including *‘near-misses,”” medical care audits, inspections,
and training for specified time periods that depend on the nature of the requirement. Keep
records on standardized report forms containing sufficient information to enable an investigator
to determine who was involved, what happened, when and where it happened, and what injuries
or exposures, if any, resulted. Most importantly, these records should enable the formulation of
appropriate corrective actions where warranted. The standard of practice for LH&S activities
requires that a log (record) be kept of those accidents causing major disability. Record not only
all accidents, but also “*near-misses,”” to permit full evaluation of safety program effectiveness.
Maintain a file detailing all of the recommendations for the LH&S program.

4. Information and Training?

The standard of practice for hazard communication or *‘right-to know’’ requires that
employees be notified about hazards in the workplace.

Laboratory personnel must be under the direct supervision and regular observation of a
technically qualified individual who must have knowledge of the hazards present, their health
effects, and related emergency procedures. The supervisor must educate laboratory personnel in
safe work practices at the time of initial assignment and when a new hazardous substance is
introduced into the workplace. Personnel have a right to know what hazardous materials are
present, the specific hazards created by those materials, and the required procedures to protect
themselves against these hazards. The hazard communication standard 2 requires information
and training on material safety data sheets (MSDSs), labeling, chemical inventory of all
hazardous substances in the workplace, and informing contractors of hazardous substances.

Training dealing with health and safety techniques and work practices requires a concerted
effort by management, and must be conducted on a routine basis by competent and qualified
individuals to be effective. Records of training must be maintained.
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1090 B. Safe Laboratory Practices

Use the information, rules, work practices, and/or procedures discussed below for essentially
all laboratory work with chemicals.

1. General Rules
a. Accidents and spills:

1) Eye contact—Promptly flush eyes with water for a prolonged period (minimum of 15
min) and seek immediate medical attention.

2) Ingestion—Encourage victim to drink large amounts of water.

3) Skin contact—Promptly flush affected area with water for approximately 15 min and
remove any contaminated clothing. If symptoms persist after washing, seek medical attention.

4) Clean-up—Promptly clean up spills, using appropriate protective apparel and equipment
and proper disposal procedures.

5) Working alone—Avoid working alone in a building; do not work alone in a laboratory if
the procedures to be conducted are hazardous.

b. Vigilance: Be alert to unsafe conditions and see that they are corrected when detected.

2. Work Practices/Rules

a. Work habits: Develop and encourage safe habits, avoid unnecessary exposure to
chemicals by any route, and avoid working alone whenever possible.

b. Exhaust ventilation: Do not smell or taste chemicals. Vent any apparatus that may
discharge toxic chemicals (vacuum pumps, distillation columns, etc.) into local exhaust devices.

c. Glove boxes: Inspect gloves and test glove boxes before use.

d. Cold and/or warm rooms: Do not allow release of toxic substances in cold rooms and/or
warm rooms, because these rooms usually have no provisions for exhausting contaminants.

e. Use/choice of chemicals: Use only those chemicals for which the quality of the available
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ventilation system is appropriate.

f. Eating, smoking, and related activities: DO NOT eat, drink, smoke, chew gum, or apply
cosmetics in areas where laboratory chemicals are present. Always wash hands before
conducting these activities.

g. Food storage: DO NOT store, handle, or consume food or beverages in storage areas,
refrigerators, or glassware and utensils that also are used for laboratory operations.

h. Equipment and glassware: Handle and store laboratory glassware with care to avoid
damage. Do not use damaged glassware. Use extra care with Dewar flasks and other evacuated
glass apparatus; shield or wrap them to contain chemicals and fragments should implosion occur.
Use equipment for its designed purpose only.

I. Washing: Wash areas of exposed skin well before leaving the laboratory.

J. Horseplay: Avoid practical jokes or other behavior that might confuse, startle, or distract
another worker.

k. Mouth suction: Do not use mouth suction for pipetting or starting a siphon.

I. Personal protective equipment: Do not wear personal protective clothing or equipment in
nonlaboratory areas. Remove laboratory coats immediately on significant contamination with
hazardous materials.

m. Personal apparel: Confine long hair and loose clothing. Wear shoes at all times in the
laboratory but do not wear sandals or perforated shoes.

n. Personal housekeeping: Keep work area clean and uncluttered, with chemicals and
equipment properly labeled and stored. Clean up work area on completion of an operation or at
the end of each day.

0. Unattended operations: Leave lights on, place an appropriate sign on the door, and
provide for containment of toxic substances in the event of failure of a utility service (such as
cooling water) to an unattended operation.

3. Personal Protective Equipment

Carefully plan a program addressing the need for, use of, and the training with personal
protective equipment. Such a program includes seeking information and advice about hazards,
developing appropriate protective procedures, and proper positioning of equipment before
beginning any new operations.

a. Eye protection: Wear appropriate eye protection (this applies to all persons, including
visitors) where chemicals are stored or handled. Avoid use of contact lenses in the laboratory
unless necessary; if contact lenses are used, inform supervisor so that special precautions can be
taken.

b. Skin protection: Wear appropriate gloves when the potential for contact with toxic
chemicals exists. Inspect gloves before each use, wash them before removal, and replace
periodically.
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c. Respiratory protection: Use appropriate respiratory equipment when engineering controls
are unable to maintain air contaminant concentrations below the action levels, i.e., one half the

permissible exposure limit (PEL)! or threshold limit value (TLV?), i.e., levels below which no
irreversible health affects are expected. When work practices are used that are expected to cause
routine exposures that exceed the PEL or TLV, respiratory protection is required to prevent
overexposure to hazardous chemicals. If respirators are used or provided in the laboratory then
the LH&S standard of practice requires that a complete respiratory protection plan (RPP) be in
place. The minimum requirements for an RPP meeting the LH&S standard of practice are

published.! Inspect respirators before use and check for proper fit.

d. Other protective equipment: Provide and use any other protective equipment and/or
apparel as appropriate.

4. Engineering Controls

Fume hoods: Use the hood for operations that might result in the release of toxic chemical
vapors or dust. As a rule of thumb, use a hood or other local ventilation device when working
with any appreciably volatile substance with a TLV of less than 50 ppm. Confirm that hood
performance is adequate before use. Open hood minimally during work. Keep hood door closed
at all other times except when adjustments within the hood are being made. Keep stored
materials in hoods to a minimum, and do not block vents or air flow. Provide at least an 8-cm
space under and around all items used in hoods, and ensure that they are at least 15 cm from the
front of the hood.

5. Waste Disposal

Ensure that the plan for each laboratory operation includes plans and training for waste
disposal. Deposit chemical waste in appropriately labeled receptacles and follow all other waste
disposal procedures of the Chemical Hygiene Plan (see 1090J). Do not discharge any of the
following contaminants to the sewer: concentrated acids or bases; highly toxic, malodorous, or
lachrymatory substances; substances that might interfere with the biological activity of
wastewater treatment plants; and substances that may create fire or explosion hazards, cause
structural damage, or obstruct flow. For further information on waste disposal, see Section 1100.

6. Work with Chemicals of Moderate Chronic or High Acute Toxicity

Examples of chemicals in this category include diisopropylfluorophosphate, hydrofluoric
acid, and hydrogen cyanide. The following rules are intended to supplement the rules listed
previously for routine laboratory operations. Their purpose is to minimize exposure to these
toxic substances by any exposure route using all reasonable precautions. The precautions are
appropriate for substances with moderate chronic or high acute toxicity used in significant
quantities.

a. Location: Use and store these substances only in areas of restricted access with special
warning signs. Always use a hood (previously evaluated to confirm adequate performance with a
face velocity of at least 24 m/min) or other containment device for procedures that may result in
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the generation of aerosols or vapors containing the substance; trap released vapors to prevent
their discharge with the hood exhaust.

b. Personal protection: Always avoid skin contact by use of gloves and long sleeves, and
other protective apparel as appropriate. Always wash hands and arms immediately after working
with these materials.

c. Records: Maintain records of the amounts of these materials on hand, amounts used, and
the names of the workers involved.

d. Prevention of spills and accidents: Be prepared for accidents and spills.

Ensure that at least two people are present at all times if a compound in use is highly toxic or
of unknown toxicity.

Store breakable containers of these substances in chemically resistant trays; also work and
mount apparatus above such trays or cover work and storage surfaces with removable, absorbent,
plastic-backed paper. If a major spill occurs outside the hood, evacuate the area; ensure that
cleanup personnel wear suitable protective apparel and equipment.

e. Waste: Thoroughly decontaminate or incinerate contaminated clothing or shoes. If
possible, chemically decontaminate by chemical conversion. Store contaminated waste in closed,
suitably labeled, impervious containers (for liquids, in glass or plastic bottles half-filled with
vermiculite).

7. Work with Chemicals of High Chronic Toxicity

Examples of chemicals in this category include (where they are used in quantities above a
few milligrams, or a few grams, depending on the substance) dimethyl mercury, nickel carbonyl,
benzo(a)pyrene, N-nitrosodiethylamine, and other substances with high carcinogenic potency.
The following rules are intended to supplement the rules listed previously for routine laboratory
operations.

a. Access: Conduct all transfers and work with these substances in a controlled area, i.e., a
restricted-access hood, glove box, or portion of a laboratory, designated for use of highly toxic
substances, for which all people with access are aware of the substances being used and
necessary precautions.

b. Approvals: Prepare a plan for use and disposal of these materials and obtain the approval
of the laboratory supervisor.

c. Non-contamination/decontamination: Protect vacuum pumps against contamination by
scrubbers or HEPA filters and vent them into the hood. Decontaminate vacuum pumps or other
contaminated equipment, including glassware, in the hood before removing them from the
controlled area. Decontaminate the controlled area before routine work is resumed.

d. Exiting: On leaving a controlled area, remove any protective apparel (place it in an
appropriately labeled container), and thoroughly wash hands, forearms, face, and neck.

e. Housekeeping: Use a wet mop or a vacuum cleaner equipped with a HEPA filter. Do not
dry sweep if the toxic substance is a dry powder.
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f. Medical surveillance: If using toxicologically significant quantities of such a substance on
a regular basis (e.g., three times per week), consult a qualified physician about desirability of
regular medical surveillance.

g. Records: Keep accurate records of the amounts of these substances stored and used, the
dates of use, and names of users.

h. Signs and labels: Ensure that the controlled area is conspicuously marked with warning
and restricted access signs and that all containers of these substances are appropriately labeled
with identity and warning labels.

i. Spills: Ensure that contingency plans, equipment, and materials to minimize exposures of
people and property are available in case of accident.

J. Storage: Store containers of these chemicals only in a ventilated, limited-access area.

k. Glove boxes: For a negative-pressure glove box, ensure that the ventilation rate is at least
2 volume changes/h and the pressure drop at least 1.3 cm of water. For a positive-pressure glove
box, thoroughly check for leaks before each use. In either case, trap the exit gases or filter them
through a HEPA filter and then release them into the hood.

I. Waste: Ensure that containers of contaminated waste (including washings from
contaminated flasks) are transferred from the controlled area in a secondary container under the
supervision of authorized personnel.

8. Physical Hazards

a. Electrical: Ensure that electrical wiring, connections, and apparatus conform to the
requirement of the latest National Electrical Code. Fire, explosion, power outages, and electrical
shocks are all serious hazards that may result from incorrect use of electrical devices. Ground all
electrical equipment or use double-insulated equipment. Use ground fault interrupter circuit
breakers to the maximum extent possible. Do not locate electrical receptacles inside fume hoods,
and do not use equipment near volatile flammable solvents. Use approved safety refrigerators.
Disconnect electrical equipment from the power supply before service or repair is attempted and
never bypass safety interlocks. Attempting to repair equipment using employees not thoroughly
acquainted with electrical principles may present particularly dangerous situations.

b. Non-ionizing radiation: Non-ionizing radiation, also called electromagnetic radiation, is
generally considered to be the radio frequency region of the radiation spectrum. For the purposes
of dealing with personal exposures in laboratories, it also includes the microwave frequency
region. Typical laboratory exposures to non-ionizing radiation usually include ultraviolet,
visible, infrared, and microwave radiation.

For normal environmental conditions and for incident electromagnetic energy of frequencies
from 10 MHz to 100 GHz, the radiation protection guide is 10 mW/cm?2. The radiation protection
applies whether the radiation is continuous or intermittent. This means a power density of 10
mW/cm? for periods of 0.1 h or more, or an energy density of 1 mW-h/cm? during any 0.1-h
period. These recommendations apply to both whole-body irradiation and partial body
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irradiation.

Ultraviolet radiation (UV) and lasers are used frequently. With properly constructed and
operated instruments, it is not a significant hazard but can be harmful when used for controlling
microorganisms in laboratory rooms or for sterilizing objects.

When using devices that generate or use non-ionizing radiation, observe the following
precautions: Wear safety glasses or goggles with solid side pieces whenever there is a possibility
of exposure to harmful (UV) radiation. Provide proper shielding (shiny metal surfaces reflect this
energy). Shut off all these devices (UV lamps) when not in use. Post warning signs and install
indicator lights to serve as a constant reminder when these types of devices are in use (UV
lamps).

c. Mechanical: Shield or guard drive belts, pulleys, chain drivers, rotating shafts, and other
types of mechanical power transmission apparatus. Laboratory equipment requiring this
guarding includes vacuum pumps, mixers, blenders, and grinders.

Shield portable power tools. Guard equipment such as centrifuges, which have high-speed
revolving parts, against “‘fly-aways.”” Securely fasten equipment that has a tendency to vibrate
(e.g., centrifuges and air compressors) to prevent the tendency to “‘walk’’ and locate them away
from bottles and other items that may fall from shelves or benches because of the vibration.

d. Compressed gases: Gas cylinders may explode or ““rocket’” if improperly handled.
Leaking cylinders may present an explosion hazard if the contents are flammable; they are an
obvious health hazard if the contents are toxic; and they may lead to death by suffocation if the
contents are inert gases. The Compressed Gas Association has published procedures governing
use and storage of compressed gases. Transfer gas cylinders only with carts, hand trucks, or
dollies. Secure gas cylinders properly during storage, transport, and use, and leave valve safety
covers on cylinders during storage and transport. Avoid the use of adapters or couplers with
compressed gas. Properly identify cylinder contents.

9. Chemical Hazards

a. General precautions: Chemical injuries may be external or internal. External injuries may
result from skin exposure to caustic or corrosive substances such as acids, bases, or reactive
salts. Take care to prevent accidents, such as splashes and container spills. Internal injuries may
result from the toxic or corrosive effects of substances absorbed by the body. These internal
injuries may result from inhalation, skin contact, or ingestion.

Table 1090:1, Table 1090:11, and Table 1090:111 list PELs, TLVs, and/or short-term
exposure limits and ceilings for some chemical materials specified in Standard Methods, as
given in various published sources.18 The PEL values reported in these tables are in some
instances higher than the levels that some nations believe to be appropriate. Because the health
and safety program should be driven by meeting best industrial hygiene practice, always use the
lowest recommended exposure values when protecting human health.

In addition, pay careful attention to equipment corrosion that ultimately may lead to safety
hazards from equipment failure.
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b. Inorganic acids and bases: Many inorganic acids and bases have PELs and TLVs. Table
1090:1 presents PELs (based on U.S. standards) and/or TLVs as well as short-term exposure
limits and ceilings for some inorganic chemicals specified in Standard Methods. These PELs and
TLVs indicate the maximum air concentration to which workers may be exposed. Fumes of these
acids and bases are severe eye and respiratory system irritants. Liquid or solid acids and bases
can quickly cause severe burns of the skin and eyes. When acids are heated to increase the rate
of digestion of organic materials, they pose a significantly greater hazard because fumes are
produced and the hot acid reacts very quickly with the skin.

Store acids and bases separately in well-ventilated areas and away from volatile organic and
oxidizable materials. Use containers (rubber or plastic buckets) to transport acids and bases.

Work with strong acids and bases only in a properly functioning chemical fume hood. Slowly
add acids and bases to water (with constant stirring) to avoid spattering. If skin contact is made,
thoroughly flush the contaminated area with water and seek medical attention if irritation
persists. Do not wear contaminated clothing until after it has been cleaned thoroughly. Leather
items (e.g., belts and shoes) will retain acids even after rinsing with water and may cause severe
burns if worn. If eye contact is made, immediately flush both eyes for at least 15 min with an eye
wash and seek medical attention.

c. Perchloric acid and other highly reactive chemicals: Concentrated perchloric acid reacts
violently or explosively on contact with organic material and may form explosive heavy metal
perchlorates. Do not use laboratory fume hoods used with perchloric acid for organic reagents,
particularly volatile solvents. In addition to these hazards, perchloric acid produces severe burns
when contact is made with the skin, eyes, or respiratory tract. Preferably provide a dedicated
perchloric acid hood. Follow the manufacturer’s instructions for proper cleaning, because
exhaust ducts become coated and must be washed down regularly.

Use extreme caution when storing and handling highly reactive chemicals, such as strong
oxidizers. Improper storage can promote heat evolution and explosion. Do not store strong
oxidizers and reducers in close proximity.

d. Organic solvents and reagents: Most solvents specified in Standard Methods have PELs
and/or TLVs as well as short-term exposure limits or ceilings for workplace exposures (see
Table 1090:11).

Many organic reagents, unlike most organic solvents, do not have PELsS/TLVSs or short-term
exposure limits and ceilings, but this does not mean that they are less hazardous. Table 1090:11I
contains PELS/TLVs or short-term exposure limits and ceilings for some reagents specified in
Standard Methods.

Some compounds are suspect carcinogens and should be treated with extreme caution. These
compounds include solvents and reagents such as benzene, carbon tetrachloride, chloroform,
dioxane, perchloroethylene, and benzidine. Lists of chemicals with special hazardous
characteristics are available from the Occupational Safety and Health Administration and the
National Institute for Occupational Safety and Health. In the U.S., the lists of **Regulated
Carcinogens’” and of “*Chemicals Having Substantial Evidence of Carcinogenicity’” are
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especially important. Developing and following laboratory handling procedures for compounds
on such authoritative lists should significantly reduce the potential for exposures.

Solvents used in the laboratory usually fall into several major categories: alcohols,
chlorinated compounds, and hydrocarbons. Exposure to each of these classes of compounds can
have a variety of health effects. Alcohols, in general, are intoxicants, capable of causing irritation
of the mucous membranes and drowsiness. Chlorinated hydrocarbons cause narcosis and damage
to the central nervous system and liver. Hydrocarbons, like the other two groups, are skin
irritants and may cause dermatitis after prolonged skin exposure. Because of the volatility of
these compounds, hazardous vapor concentrations can occur (fire or explosion hazard). Proper
ventilation is essential.

The majority of organic reagents used in this manual fall into four major categories: acids,
halogenated compounds, dyes and indicators, and pesticides. Most organic acids have irritant
properties. They are predominantly solids from which aerosols may be produced. Dyes and
indicators also present an aerosol problem. Handle pesticides with caution because they are
poisons, and avoid contact with the skin. Wear gloves and protective clothing. The chlorinated
compounds present much the same hazards as the chlorinated solvents (narcosis and damage to
the central nervous system and liver). Proper labeling for the compound, including a date for
disposal based on the manufacturer’s recommendations, permits tracking chemical usage and
disposal of outdated chemicals.
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1090 C. Laboratory Facility/Fixed Equipment

1. Facility Design

The laboratory facility must have a general ventilation system with air intakes and exhausts
located to avoid intake of contaminated air, well-ventilated stockrooms and/or storerooms,
laboratory hoods and sinks, miscellaneous safety equipment including eyewash fountains and
safety showers, and arrangements for the disposal of wastes and samples in accordance with
applicable federal, state, and local regulations.

2. Facility and Fixed Equipment Maintenance
Maintain facilities and equipment with scheduled maintenance and continual surveillance to
ensure proper operation. Give special attention to the adequacy of ventilation system.

a. Facility ventilation systems:

1) The general laboratory ventilation should provide a source of air for breathing and for
input to local ventilation devices such as fume hoods. Do not rely on it for protection from
exposure to toxic substances used during the working day. The system should direct air flow into
the laboratory from nonlaboratory areas and then exhaust the air directly to the exterior of the
building in a manner that will prevent its re-entry.

2) Laboratory fume hoods—As a minimum, provide at least 1 linear m of hood space per
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worker if workers spend most of their time working with chemicals or if they work with
chemical substances with PELs or TLVs less than 100 ppm. Equip each hood with a continuous
monitoring device to allow convenient confirmation of adequate hood performance before each
use. If this is not possible, avoid work with substances with PELs or TLVs less than 100 ppm or
with unknown toxicity, or provide other types of local ventilation devices.

3) Other local ventilation devices—Provide ventilated chemical/biological cabinets, canopy
hoods and instrument/work station snorkels as needed. Many local ventilation devices require a
separate exhaust duct, as do canopy hoods and snorkels.

4) Special ventilation areas/devices—It may be necessary to pass exhaust air from special
ventilation areas or devices such as radiological hoods, glove boxes, and isolation rooms through
HEPA filters, scrubbers, or other treatment before release into regular exhaust system. Ensure
that cool rooms and warm rooms have provisions for rapid escape and for escape in the event of
electrical failure.

5) Ventilation system modifications—Make alteration in the ventilation system only in
consultation with an expert qualified in laboratory ventilation system design. Thoroughly test
changes in the ventilation system to demonstrate adequate worker protection.

b. Facility ventilation system performance: A ventilation system rate of 4 to 12 room air
changes per hour is considered adequate where local exhaust ventilation devices such as fume
hoods are used as the primary method of control. General ventilation system air flow should not
be turbulent and should be relatively uniform throughout the laboratory, with no high-velocity or
static areas; air flow into and within laboratory fume hoods should not be excessively turbulent;
fume hood face velocity should be adequate for the intended use (for general-purpose fume
hoods this is typically 18 to 30 m/min). The effective protection provided by a fume hood
depends on a number of factors including hood location and design, and cannot be determined
solely on the basis of the face velocity.

c. Facility ventilation system evaluation: Evaluate performance characteristics (quality and
quantity) of the ventilation system on installation, re-evaluate whenever a change in local
ventilation devices is made, and monitor routinely. Schedule such monitoring with a frequency
dictated by the type, age, condition, and any accessories associated with the device, but at least
annually; monitor hoods at least quarterly. Document all ventilation system checks or actions
such as flow checks, calibration, alterations, repairs, maintenance, or any other action that may
determine or change flow efficiency or characteristics.
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1090 D. Hazard Evaluation

1. Hazard Evaluation
Hazard evaluation refers to the assessment of whether an employee has been overexposed to
a hazardous substance or if such an exposure episode is likely to occur and to what extent.

The evaluation does not require monitoring airborne concentrations of the hazardous
substances involved. Such an assessment may be informal and simply involve considering,
among other factors, the chemical and physical properties of the substance and the quantity of
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substance used. In addition, the exposure assessment may be sufficient to estimate the
probability of an overexposure.

Specify, document, and use hazard assessment criteria. Base such criteria on the toxicity of
the substances to be used, the exposure potential of the chemical procedures to be performed,
and the capacity of the available engineering control systems.

In cases where continuous monitoring devices are used, include resulting exposure data in
the exposure evaluation. Air monitoring only provides information for inhalation exposure.
Other means are required to determine whether overexposure could have occurred as a result of
ingestion, or dermal or eye contact.

2. Spills of Toxic or Hazardous Substances

Spills are usually the result of loss of containment due to equipment failure or breakage
(uncontrolled releases). The loss of containment can result in overexposure episodes.
Calculations using data from material safety data sheets, the chemical and physical properties of
the substance, known laboratory air changes, and work-station air volume will allow assessment
of the possibility of an overexposure episode.

3. Work Practice Assignment
Use the information calculated from these exposure assessments to develop the written work
practices needed to protect the health of the employee while conducting the procedure.

4. Documentation of Hazard Assessments
Document, validate, and authenticate all hazard assessments, preferably using a standard
form.
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Also see references 2 through 8, Section 1090B.10.

1090 E. Personal Protective Equipment

1. Introduction

The employer must provide and maintain personal protective equipment (PPE) in condition
that is sanitary and reliable against hazards in the workplace. All PPE also must be properly
designed and constructed for the work to be performed. Several general references on PPE are

available.1-3

It is essential to select PPE based on an assessment of the hazards3 or potential hazards to
which an employee is exposed, to insure that the correct PPE will be obtained. Use personal
protective equipment only when it is not possible or feasible to provide engineering controls.
Such personal protective equipment includes all clothing and other work accessories designed to
create a barrier against workplace hazards.

The basic element of any personal protective equipment management program must be an
in-depth evaluation of the equipment needed to protect against the hazards at the workplace.
Management dedicated to the safety and health of employees must use that evaluation to set a
standard operating procedure for personnel, then encourage those employees to use, maintain,
and clean the equipment to protect themselves against those hazards.

Using personal protective equipment requires hazard awareness and training on the part of
the user. Make employees aware that the equipment does not eliminate the hazard. If the
equipment fails, exposure will occur. To reduce the possibility of failure, use equipment that is
properly fitted and maintained in a clean and serviceable condition.

Selection of the proper piece of personal protective equipment for the job is important.
Employers and employees must understand the equipment’s purpose and its limitations. Do not
alter or remove equipment even though an employee may find it uncomfortable (equipment may
be uncomfortable simply because it does not fit properly).
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2. Eye Protection

The LH&S standard of practice requires the use of eye and face protective equipment3
where there is a reasonable probability of injury prevention through its use. Employers must
provide a type of protector suitable for work to be performed, and employees must use the
protectors. These requirements also apply to supervisors and management personnel, and to
visitors while they are in hazardous areas.

Protectors must provide adequate protection against particular hazards for which they are
designed, be reasonably comfortable when worn under the designated conditions, fit snugly
without interfering with the movements or vision of the wearer, and be durable, easy to disinfect
and clean, and kept in good repair.

In selecting the protector, consider the kind and degree of hazard. Where a choice of
protectors is given, and the degree of protection required is not an important issue, worker
comfort may be a deciding factor.

Persons using corrective glasses and those who are required to wear eye protection must
wear glasses with protective lenses providing optical correction, goggles that can be worn over
corrective glasses without disturbing the adjustment of the glasses, or goggles that incorporate
corrective lenses mounted behind the protective lenses.

When limitations or precautions are indicated by the manufacturer, transmit them to the user
and observe strictly. Safety glasses require special frames. Combinations of normal wire frames
with safety lenses are not acceptable.

Design, construction, testing, and use of eye and face protection must be in accordance with

national standards.4

3. Protective Work Gloves

Match glove material to the hazard: such materials as nitrile, neoprene, natural rubber, PVC,
latex, and butyl rubber vary widely in chemical resistance. What may be safe with one chemical
may prove harmful with another (see Table 1090:1V and Table 1090:V). Glove thickness may be
as important as glove material in some cases. Many organic reagents, unlike most organic
solvents, do not have PELS/TLVs but this does not mean that they are less hazardous.

Evaluate physical properties of the glove material: In addition to chemical resistance, glove
materials vary in physical toughness. Select the glove that provides the abrasion, tear, flame, and
puncture resistance required for the job.

Maximize comfort and dexterity. Lined gloves absorb perspiration and help insulate the
hand. Unlined gloves conform to the hand. Lighter-gauge gloves improve touch sensitivity and
flexibility, heavier-gauge gloves add protection and strength.

Ensure a safe grip. Nonslip grips allow for easier and safer handling. Embossed, pebbled,
etched, and dotted coatings improve grip in wet or dry working conditions.

Measure proper size and length. Loose-fitting gloves affect dexterity and can be hazardous.
Tight-fitting gloves may cause hand fatigue and tend to wear out faster. Gloves should fit
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comfortably without restricting motion and they should be long enough to protect the wrist,
forearm, elbow, or the entire arm, depending on the application.

4. Head Protection
Water and wastewater laboratories seldom require this kind of personal protection, but field
work may require such protection.

Head injuries are caused by falling or flying objects or by bumping the head against a fixed
object. Head protection, in the form of protective hats, must both resist penetration and absorb
the shock of a blow. Make the shell of the hat of a material hard enough to resist the blow, and
utilize a shock-absorbing lining composed of head band and crown straps to keep the shell away
from the wearer’s skull. Protective materials used in helmets should be water-resistant and slow
burning. Helmets consist essentially of a shell and suspension. Ventilation is provided by a space
between the headband and the shell. Ensure that each helmet is accompanied by instructions
explaining the proper method of adjusting and replacing the suspension and headband.

Visually inspect daily all components, shells, suspensions, headbands, sweatbands, and any
accessories for signs of dents, cracks, penetration or any other damage that might reduce the
degree of safety originally provided.

Do not store or carry helmets on the rear window deck of an automobile because sunlight and
extreme heat may adversely affect the degree of protection.

Further information is available elsewhere.3

5. Hearing Protection

Exposure to high noise levels can cause hearing loss or impairment, and it can create
physical and psychological stress. There is no cure for noise-induced hearing loss, so prevention
of excessive noise exposure is the only way to avoid hearing damage. Specifically designed
protection is required, depending on the type of noise encountered.

Use preformed or molded ear plugs fitted individually by a professional. Waxed cotton,
foam, or fiberglass wool earplugs are self-forming. When properly inserted, they work as well as
most molded earplugs. Plain cotton is ineffective as protection against hazardous noise.

Some earplugs are disposable, to be used one time and then thrown away. Clean
nondisposable types after each use for proper protection.

Earmuffs need to make a perfect seal around the ear to be effective. Glasses, long sideburns,
long hair, and facial movements, such as chewing, can reduce protection. Special equipment is
available for use with glasses or beards.

More specific information on hearing conservation is available.3

6. Foot and Leg Protection

According to accident reviews most workers who suffered impact injuries to the feet were
not wearing protective footwear. Furthermore, most of their employers did not require them to
wear safety shoes. The typical foot injury was caused by objects falling less than 1.2 m and the
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median weight was about 30 kg. Most workers were injured while performing their normal job
activities at their worksites.

Safety shoes should be sturdy and have an impact-resistant toe. In some shoes, metal insoles
protect against puncture wounds. Additional protection, such as metatarsal guards, may be found
in some types of footwear. Safety shoes come in a variety of styles and materials, such as leather
and rubber boots and oxfords.

Safety footwear is classified according to its ability to meet minimum requirements for both
compression and impact test. Those requirements and testing procedures and further information

may be found elsewhere.3.6
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1090 F. Worker Protection Medical Program

1. Preventive Medicine Program

The preventive medicine program should include inoculations to provide protection from
tetanus and other diseases that are associated with the types of samples received and analyzed by
the laboratory. The scope of this program depends on the diseases prevalent in the area where the
samples originate. The program also must comply with the appropriate regulations.

2. Medical Surveillance
Routine surveillance may be indicated for anyone whose work involves routine handling of
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hazardous chemical or biological substances. Consult a qualified occupational health physician
and/or toxicologist to determine whether a regular schedule of medical surveillance is indicated.

3. Environmental Monitoring

a. General: The initiation of environmental monitoring (exposure monitoring) associated
with laboratory uses of hazardous chemical substances is triggered by exposures exceeding the
action level (usually defined as one-half the PEL or TLV), PEL, or TLV. The employer is
responsible for ensuring that employees’ exposures to such substances do not exceed the PELs

specified in the regulations dealing with air contaminants.!

b. Employee exposure determination: Determine a worker’s exposure to any hazardous
chemical substance if there is reason to believe that exposure levels for that substance routinely
exceed the action level. Where there is no action level for a substance the worker exposure must
not exceed the PEL or TLV. If the initial monitoring confirms that an employee exposure
exceeds the action level, or in the absence of an action level, the PEL, the employer must
immediately comply with the exposure monitoring provisions of the relevant national standard.
Monitoring may be terminated in accordance with the relevant standard (if one exists) or when
the exposures are found to be below the action level (one half the PEL or TLV) or in the absence
of an action level, below the PEL or TLV. The workers are to be notified in accordance with
national standard; if none exists, they should at least be notified within 15 working days after
any monitoring results have become available to the employer, either by contacting the employee
individually or by posting the results in an appropriate location accessible to employees.

4. Medical Consultation and Medical Examinations

All employees who work with hazardous chemicals should have an opportunity to receive
medical attention (at no personal cost), including any follow up examinations that the examining
physician determines to be necessary, under the following circumstances:

» Whenever an employee develops signs or symptoms associated with an exposure to a
hazardous chemical that the employee may have been using.

» Where exposure monitoring reveals an exposure level routinely above the action level (or in
the absence of an action level, the PEL or TLV). For a national regulated substance for which
there are exposure monitoring and medical surveillance requirements, establish medical
surveillance for the affected employee as prescribed by the particular standard.

» Whenever an uncontrolled event, such as a spill, leak, explosion, or other occurrence, takes
place in the work area, resulting in the likelihood of a hazardous exposure. Provide the
affected employee an opportunity for a medical consultation to determine the need for a
medical examination.

All medical examinations and consultations should be performed by, or under the direct
supervision of, a licensed physician, without cost to the employee or loss of pay, and at a
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reasonable time and place. Inform the physician of the identity of the hazardous chemical(s) to
which the employee may have been exposed; the conditions under which the exposure occurred,
including quantitative exposure data, if available; and the signs and symptoms of exposure that
the employee is experiencing, if any. The employer must obtain from the examining physician a
written opinion that includes any recommendation for further medical follow-up, the results of
the medical examination and any associated tests, notice of any medical condition revealed
during the examination that may place the employee at increased risk as a result of exposure to a
hazardous chemical found in the workplace, and a statement that the employee has been
informed by the physician of the results of the consultation or medical examination and any
medical condition that may require further examination or treatment. The written opinion must
not reveal specific findings or diagnoses unrelated to occupational exposure.

5. Reference

1. OCCUPATIONAL SAFETY AND HEALTH ADMINISTRATION. Air Contaminants. 29 CFR
1910.1000.
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1090 G. Provisions for Work with Particularly Hazardous Substances

The information outlined in the following paragraphs meets the LH&S standard of practicel
and also represents good industrial hygiene practices.

1. Designated Area

Wherever appropriate, the employer must establish a *‘designated area,’” that is, an area that
may be used for work with select carcinogens, reproductive toxins, or substances having a high
degree of acute toxicity. A designated area may be the entire laboratory, an area of a laboratory,
or a device such as a laboratory hood.

2. Select Carcinogen

In the U.S. a “‘select carcinogen’” means any substance meeting at least one of the following
criteria: the substance is regulated by OSHA as a carcinogen; it is listed under the category,
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“‘known to be carcinogenic,”” by the U.S. National Toxicology Program (NTP);2 it is listed
under Group 1 (carcinogenic to humans) by the International Agency for Research on Cancer
(IARC):3 or it is listed in either Group 2A or 2B by IARC3 or under the category, “‘reasonably
anticipated to be carcinogenic’” by NTP,2 and causes statistically significant tumor incidence in
experimental animals after inhalation exposure of 6 to 7 h/d, 5 d/week, for significant portion of

a lifetime to dosages of less than 10 mg/m3, or after repeated skin application of less than 300
mg/kg of body weight/week, or after oral dosages of less than 50 mg/kg of body weight/d.

3. Use of Containment Devices

The work conducted and its scale must be appropriate to the physical facilities available and,
especially, to the quality of ventilation.

The general laboratory ventilation system must be capable of providing air for breathing and
for input to local ventilation devices. It should not be relied on for protection from toxic
substances released into the laboratory, but should ensure that laboratory air is continually
replaced, preventing increase of air concentrations of toxic substances during the working day,
and that air flows into the laboratory from nonlaboratory areas and out to the exterior of the
building.
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1. OCCUPATIONAL SAFETY AND HEALTH ADMINISTRATION. Laboratory Standard.
Occupational Exposure to Hazardous Chemicals in Laboratories. 29 CFR 1910.1450.

2. U.S. PUBLIC HEALTH SERVICE, NATIONAL TOXICOLOGY PROGRAM. 1980. Annual
Report on Carcinogens. Dep. Health & Human Services, U.S. Government Printing
Off., Washington, D.C.

3. INTERNATIONAL AGENCY FOR RESEARCH ON CANCER. (Various dates). IARC
monographs on risk of chemicals to humans. World Health Org. Publications Center,
Albany, N.Y.

5. Bibliography
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Also see Section 1090C.3.

1090 H. Biological Safety

1. Introduction

The analysis of environmental samples involves worker contact with samples that may be
contaminated with agents that present microbiological hazards. The majority of these agents
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involve exposures to pathogenic microorganisms or viruses that may produce human disease by
accidental ingestion, inoculation, injection, or other means of cutaneous penetration. The
primary means of exposure to these microbiological hazards involves hand-mouth contact while
handling the samples, contaminated laboratory materials and/or aerosols created by incubating,
pipetting, centrifuging, or blending of samples or cultures. Use the following rules, work
practices and/or procedures to control or minimize exposure to these agents.

2. General Rules
Do not mix dilutions by blowing air through a pipet into a microbiological culture.

When working with grossly polluted samples, such as wastewater or high-density microbial
cultures, use a pipetting device attached to a pipetting bulb to prevent accidental ingestion (never
pipet by mouth).

Because untreated waters may contain waterborne pathogens, place all used pipets in a jar
containing disinfectant solution for decontamination before glassware washing. Do not place
used pipets on table tops, on laboratory carts, or in sinks without adequate decontamination.

3. Work Practices
Good personal hygiene practices are essential to control contact exposures. Frequently
disinfect hands and working surfaces. Encourage immunization of laboratory staff against
tetanus and possibly typhoid and other infectious agents to minimize risk of exposure.
Provide drinking water outside the laboratory, preferably from a foot-operated drinking
fountain.

Eliminate flies and other insects to prevent contamination of sterile equipment, media,
samples, and bacterial cultures and to prevent spread of infectious organisms to personnel.

Observe appropriate precautions in use of laboratory equipment. Use a leakproof blender
tightly covered during operation to minimize contamination. Use a centrifuge tightly covered to
minimize exposure if culture-containing tubes should shatter during centrifuging. The tube
breakage produces a cleanup problem and microbiological aerosols. Conduct activities such as
inserting a hot loop into a flask of broth culture in a manner that eliminates or minimizes the
hazards due to aerosolized microorganisms. Sterilize contaminated materials (cultures, samples,
used glassware, serological discards, etc.) by autoclaving before discarding them or processing
for reuse. Preferably use specially marked biohazard bags for disposal. Dispose of contaminated
broken glass in a specially marked container.

4. Procedures

Quaternary ammonium compounds that include a compatible detergent, or solutions of
sodium hypochlorite are satisfactory disinfectants for pipet discard jars. Use the highest
concentrations recommended for these commercial products provided that this concentration
does not cause a loss of markings or fogging of pipets.

Sterilize biological waste materials to eliminate all infectious substances, and sterilize all
contaminated equipment or apparatus before washing, storage, or disposal, preferably by
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autoclaving. When decontaminating materials in the autoclave, heat them to at least 121°C under
a pressure of 103 kPa for a minimum of 30 min. The contact time is measured from time the
contact chamber reaches 121°C. If the waste is contained in bags, add water to the contents to
insure wet heat. Dry heat and chemical treatment also may be used for sterilizing nonplastic
items. After sterilization, the wastes can be handled safely and disposed of by conventional
disposal systems in accordance with local regulations.

5. Waste Disposal

Sterilize contaminated materials by autoclaving (see 3 above) before discarding them.

If combustible materials cannot be decontaminated, burn them with special precautions;
permits for burning may be required. Use temporary storage for decay or permanent storage for
treating radioactive wastes when alternatives are not available. Collect contaminated
combustible wastes and animal carcasses in impermeable containers for disposal by incineration.
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1090 |I. Radiological Safety

1. Introduction

This section discusses ionizing radiation safety related to gas chromatography detectors and
specific analytical procedures (see Table 1090:V1). lonizing radiation includes alpha particles,
beta particles, gamma rays, and X-rays. Non-ionizing radiation safety is discussed elsewhere
(Section 1090B.8).

All persons are exposed to ionizing radiation. The average annual radiation dose to the whole
body from cosmic, terrestrial, and internal sources, medical and dental X-rays, etc., is about 185
mrems/year (1.85 mSieverts/year). It is essential to prevent unnecessary continuous or
intermittent occupational exposures, and to take steps to eliminate accidents that may result in
dangerous radiation exposure.

Personnel who work in laboratories may be exposed to ionizing radiation sources using both
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procedures and instruments. Evaluate potential exposures and control the associated equipment
and procedures using work practices developed to minimize and/or eliminate exposures.

Users of radioactive materials are responsible for compliance with the requirements of their
national nuclear regulatory body (in the United States, the Nuclear Regulatory Commission)?
and/or related state regulations. In addition, administrative or local requirements may apply at
specific facilities. The use of “‘exempt’” quantities is regulated! even though the facility may be
exempt from specific licensing requirements.

Radionuclides are used in laboratories to develop and evaluate analytical methods, to prepare
counting standards, and to calibrate detectors and counting instruments (see Part 7000). Sealed
sources, such as the nickel-63 detector cell used in electron capture gas chromatograph units,
also are common.

2. Exposures

a. Exposure limits and control: The LH&S standard of practice? does not permit the use of
personal protective equipment for allowing employee exposures above the limits specified by the
NRC.1 The NRC exposure limits are the maximum permissible exposures for 40 h in any
workweek of 7 consecutive days.

The exposure limits may be adjusted proportionately (upward) for a period where the
exposure is less than 40 h. However, the limit must be adjusted proportionately (downward) for
periods where the exposure period is greater than 40 h.

Limiting exposure to ionizing radiation includes providing engineering (physical safeguards)
and administrative (procedural) controls for using radioactive materials. Engineering controls
include shields, barriers, and interlocks to limit external exposure, and exhaust ventilation
systems and personal protective equipment to limit internal contamination. Administrative
controls include conducting periodic surveys and reviews of activities, training in the use of
radioactive materials, and documented procedures (see below).

Hazards associated with the use of devices, such as X-ray diffraction apparatus or an electron
microscope, can be minimized or eliminated by following the manufacturer’s operating
instructions and the laboratory safety procedures.

b. Monitoring procedures and equipment: Radiochemical exposure monitoring may be done
by collecting and analyzing wipe samples, using portable survey instruments, and/or by
collecting and analyzing air samples. More than one technique usually is required.

Survey equipment may either integrate the response over time (e.g., exposure, absorbed
dose), or results may be presented as a response rate (e.g., count rate or exposure rate). Typical
choices include ion chambers, G-M counters, and scintillation detectors.

Thin-windowed GM-counters are suitable for wipe samples and for monitoring skin and
clothing. An alpha scintillation monitor is needed to detect alpha-emitters. An excellent

discussion of monitoring techniques for radioisotopes is available.3
c. Facility surveys: Conduct periodic surveys to assess the effectiveness of physical and
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procedural controls. Survey procedures generally use wipe tests for removable contamination
and/or portable measurement devices for locating or measuring fixed and removable
radioactivity.

1) Sealed sources—Check these sources for integrity by wipe tests at least every 6 months.

Electron capture detectors using ®3Ni or 3H require counting wipes by liquid scintillation or
windowless gas-flow proportional counters to measure low-energy beta radiation effectively.

2) Work and storage areas—Survey these areas periodically to assess possible contamination
or external radiation fields using portable survey instruments. The frequency of the surveys is
dictated by the documented contamination record for the laboratory. Usually the radioactivities
presented using the methods of Part 7000 are not measurable with routine survey instruments.
Therefore use blanks in the analytical process in determining the presence of low-level
contamination.

3) Documentation and records—Completely document each survey, identifying the
personnel involved, the location, the type, model, and serial numbers of survey instruments used,
the type and energy of radiations measured, the date and time of the survey, the instrument
response to a check source, the instrument background count or exposure rate, and the results of

each measurement.4

d. Personnel surveys and monitoring: Conduct and document surveys after routine use of
unsealed radionuclide sources to confirm that personnel and the work area have not been
contaminated by the process. Wear monitoring devices if there is a reasonable probability of
exceeding 25% of the occupational exposure dose equivalent limit. Personal monitoring devices
include film badges, thermoluminescent dosimeters, and solid state electronic dosimeters. The
length of time the personal monitoring badges are worn before evaluation depends on the ability
of the device to integrate the exposure over long periods, the probability and magnitude of the
exposure, and the need to assure that the device is available and used.

Personnel performing procedures in Standard Methods would not be expected to receive
exposures approaching 1.25 rem/quarter and may wish to consider 3-month wear periods if
dosimetry is required.

Personal (external radiation) exposure is evaluated by using a personal dosimeter, preferably
the film dosimeter (badge). The dosimeter badge measures the accumulated radiation over a
period of time. Pocket ionization chambers, thermoluminescent dosimeters, and thimble
chambers also may be used to supplement the film dosimeter.

Whole body or gamma spectrometry radiation detectors may be used to determine the
presence of radioactive substances in the body, but these instruments are expensive and require
the operator to be specially trained. Evaluate equipment and supplies that have been, or are
suspected to have been, in contact with radioactive substances to determine if contamination is
present. Because body waste may contain radioactive contaminants evaluate it also for the
presence of contamination where personal exposures have been confirmed.

3. Work Practices
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Each individual should be familiar with procedures for dealing with radiation emergencies
from small spills to major accidents, depending on facility programs. Emergency procedures
should include notifications required, containment methods, clean-up procedures, and survey
techniques. Emergency supplies should be readily available for coping with major accidents.

Contamination is typically prevented through proper use of laboratory facilities and
procedures. Procedures include the use of gloves, aprons, safety glasses, and other protective
clothing to eliminate the possibility of skin contamination and transfer. Learn proper pipetting
and weighing techniques before working with radioactive sources. Conduct work with unsealed
radioactive sources in unobstructed work areas with adequate means of containing and absorbing
potential spillage of liquids.

4. Procedures

Develop and implement a radiation safety plan and provide a copy to all persons working
with radioactive materials or radiation-producing machines, and provide both lecture and
practical training to all employees.

a. Safety plan elements: The recommended minimum plan should include procedures for
obtaining authorization to use, order, handle, and store radionuclides; safe handling of unsealed
radioactive material; safe response to radiation accidents; decontamination of personnel and
facilities; personnel monitoring; laboratory monitoring; and disposal of radioactive materials.

b. Handling radioactive materials: Become knowledgeable about the hazards associated
with the materials to be used. Plan work activities to minimize the time spent handling
radioactive materials or in using radioactive sources. Work as far from radioactive sources as
possible, use shielding appropriate for the materials to be used, and use radioactive materials
only in defined work areas. Wear protective clothing and dosimeters as appropriate. Monitor
work areas to ensure maximum contamination control. Minimize the accumulation of waste
materials in the work area. Use appropriate personal hygiene and self-monitor after using
radioactive materials and after each decontamination procedure.

c. Training of users: Train personnel working with radioactive materials in radiation safety
as part of the overall occupational health program. Address at least the following topics:
characteristics of ionizing radiation and radioactive contamination; radiation dose limits;
environmental radiation background; acute and chronic effects; internal and external modes of
exposure; basic protective measures; responsibilities of employer and employees; radiation
protection program responsibilities; posting, warning signs, and alarms; radiation monitoring

programs; and emergency procedures.®

5. Waste Disposal
Generalized disposal criteria for radioactive wastes have been developed by the U.S.

National Committee on Radiation Protection and Measurements.# Two general philosophies
govern the disposal of radioactive wastes: dilution and dispersion to reduce the concentration of
radionuclide by carrier dilution or dilution in a receiving medium, and concentration and
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confinement, usually involving reduction in waste volume with subsequent storage for decay
purposes.

Airborne wastes can be treated by either method. Ventilation includes discharge from hooded
operations to the atmosphere. Typical radioactive gases include iodine, krypton, and xenon.
lodine can be removed by scrubbing or by reaction with silver nitrate. Noble gases can be
removed by absorption; standard techniques can be used for particulate. Dilution methods are
suitable for liquids with low activity. Intermediate levels may be treated by various
physical-chemical processes to separate the waste into a nonradioactive portion that can be
disposed of by dilution and a high-activity portion to be stored. Solid wastes may consist of
equipment, glassware, and other materials. When possible, decontaminate these materials and
reuse. Decontamination usually results in a liquid waste.

Dispose of all waste in conformance with the requirements of the regulatory authority having
jurisdiction.

Determine the laboratory’s status and obtain approval before storing, treating and/or
disposing of wastes.
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1090 J. Chemical Hygiene Plan

1. Introduction
The information presented in this section describes the intent and lists the minimum

requirements and critical elements of the OSHA laboratory standard.! This standard is
performance-based and represents good industrial hygiene practice. Any organization that
chooses not to follow or use the OSHA standards to meet that standard’s requirements must
demonstrate that the procedures it uses meet the minimum level of employee protection afforded
by the OSHA standard.

Much of the information presented in the preceding subsections of 1090 was provided as
guidance and should be used in developing and finalizing the laboratory chemical hygiene plan
(CHP).

2. Requirements

Develop and implement a written CHP capable of protecting employees from health hazards
associated with the chemicals used in the laboratory. This CHP must be capable of keeping
exposures below the permissible exposure limits (PELS/TLVSs) and also must be readily available
to employees. The CHP must at minimum address the following elements, and must describe
specific measures the employer will undertake to ensure laboratory employee protection.

a. Standard operating procedures or work practices: Include procedures and practices
relevant to safety and health considerations. These are to be followed when laboratory work
involves the use of hazardous chemicals. Include the information contained in MSDSs for
hazardous chemicals when conducting a hazard assessment and developing work practices.
Some of the guidance presented in an MSDS is intended for use in industrial settings where
material is used in large quantities for a full work shift and not for the small-volume,
short-duration exposures experienced in laboratories.

b. Exposure hazard criteria and procedures: These will be used to determine and implement
control measures for reducing employee exposure to hazardous chemicals while conducting
laboratory operations. They include engineering controls, the use of personal protective
equipment, and hygiene practices. Pay particular attention to the selection of control measures
for work activities that involve chemicals known to be extremely hazardous.

c. Protective equipment performance procedures: These include procedures for evaluating
the performance of fume hoods and other protective equipment and specific measures to be taken
to ensure proper and adequate performance of such equipment.

d. Employee information and training: This training must be timely, be refreshed
periodically, evaluated for effectiveness, and documented.

e. Approval procedures: The plan must state the circumstances under which a specific
laboratory operation, procedure, or activity requires prior approval before implementation.
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f. Employee medical consultation and medical examinations.

g. Safety personnel: The plan must designate personnel responsible for implementation of
the CHP. This should include the formal assignment of a Chemical Hygiene Officer and, where
appropriate, the establishment of a Chemical Hygiene Committee.

h. Additional employee protection: The plan should include provisions for working with
particularly hazardous substances. These substances include *“select carcinogens’” (see Section
1090G.2), reproductive toxins, and substances that have a high degree of acute toxicity. Give
specific consideration to establishment of a designated area, use of containment devices such as
fume hoods or glove boxes, procedures for safe removal of containment waste, decontamination
procedures, emergency plans and procedure (test annually as a minimum), and employer review
and evaluation of the effectiveness of the CHP at least annually and updating as necessary.

3. Reference
1. OCCUPATIONAL SAFETY AND HEALTH ADMINISTRATION. Occupational Exposure to
Hazardous Chemicals in Laboratories. 29 CFR 1910.1450.

1100 WASTE MINIMIZATION AND DISPOSAL

1100 A. Introduction

Waste minimization and disposal are part of integrated hazardous materials management. It
is important to become familiar with federal regulations regarding the use and disposal of
hazardous materials prior to their purchase, storage, and use for water and waste-water analysis.
Proper management of hazardous materials will reduce the amount of hazardous waste and
associated disposal costs.

1100 B. Waste Minimization

1. General Considerations

Waste minimization or pollution prevention in the laboratory is the preferred approach in
managing laboratory waste. Minimizing waste makes good economic sense: it reduces both costs
and liabilities associated with waste disposal. For certain hazardous-waste generators it also is a
regulatory requirement.

2. Waste Minimization Methods

Waste minimization methods include source reduction, recycling, and reclamation.! Waste
treatment, which also may be considered a form of waste minimization, is addressed in Section
1100C.
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Source reduction can be achieved through the purchase and use of smaller quantities of
chemicals. While large-volume purchases may seem economical, the costs of disposing of
expired-shelf-life materials also must be considered. Date chemical inventory and use oldest
stock first, or if possible, use “*just in time’” material delivery. Commercial laboratories and
chemical users in general can return samples or unopened chemicals to sender or supplier for
recycling or disposal. Many suppliers will accept unopened containers of chemicals.

Substitute nonhazardous materials for hazardous chemicals where possible. Wherever
possible use methods that do not require the use of hazardous chemicals or use micro-scale
analytical methods.

Improving laboratory procedures, documentation, and training will increase awareness of
waste minimization and proper disposal practices, and may allow different sections within a
laboratory to share standards and stock chemicals. Evaluate hazardous materials storage and use
areas for potential evaporation, spills, and leaks. Segregate waste streams where possible to keep
nonhazardous waste from becoming hazardous waste through contact with hazardous waste.
Segregation also facilitates treatment and disposal.

Transfer of unused stock chemicals to other areas of the laboratory where they may be used
or to other institutions is a way to minimize waste.2 Check with laboratory’s legal counsel before
transferring chemicals.

Recycling/reclamation has limited potential in water and waste-water laboratories. Volumes
generated are generally too small for economical reclamation and purity requirements are often
too great. However, organic solvents often can be distilled and recovered for reuse and mercury
and silver can be recovered.3

3. References

1. ASHBROOK, P.C. & P.A. REINHARDT. 1985. Hazardous wastes in academia. Environ. Sci.
Technol. 19:1150.

2. PINE, S.H. 1984. Chemical management: A method for waste reduction. J. Chem. Educ.
61:A45.

3. HENDRICKSON, K.J., M.M. BENJAMIN, J.F. FERGUSON & L. GOEBEL. 1984. Removal of
silver and mercury from spent COD test solutions. J. Water Pollut. Control. Fed.
56(5):468.

4. Bibliography
AMERICAN CHEMICAL SOCIETY. 1985. Less is Better. Dep. Public Affairs, American Chemical
Soc., Washington, D.C.

1100 C. Waste Treatment and Disposal
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1. General Considerations

Stringent penalties exist for the improper disposal of hazardous wastes. Potential criminal
and civil liability exists for both organizations and individuals. Specific requirements vary by
state and local jurisdiction and are subject to change. Federal requirements for hazardous waste
generators and transporters and for treatment, storage, and disposal facilities (TSDFs) are found
in regulations pursuant to the Resource Conservation and Recovery Act of 1976 (RCRA) as
amended by the Hazardous and Solid Waste Amendments of 1984 (HSWA). Many activities, in

particular treatment, storage, and disposal of hazardous wastes, require a permit or license.12

Develop a plan for the safe and legal disposal of chemical and biological substances in
conjunction with the laboratory supervisor and safety coordinator. Plan should address the
proper transport, storage, treatment, and disposal of hazardous waste. Properly characterize
composites and document wastes. Refer to Section 1090 on Safety with regard to protective
equipment in the handling of hazardous materials.

2. Waste Treatment and Disposal Methods

Treatment can be used to reduce volume, mobility, and/or toxicity of hazardous waste where
expertise and facilities are available. Treatment, even on a small scale, may require a permit.
Consult with federal, state, and local regulatory officials.

Waste treatment methods include thermal, chemical, physical, and biological treatment, and
combinations of these methods.!

a. Thermal treatment: Thermal treatment methods include incineration and sterilization.
They involve using high temperatures to change the chemical, physical, or biological character
or composition of the waste. Incineration is often used to destroy organic solvents and is
preferred for infectious wastes, although sterilization through autoclaving and/or ultraviolet light
also may be allowed. Check with local health department officials.

b. Chemical treatment: Methods include chemical reaction (oxidation/reduction,
neutralization, ion exchange, chemical fixation, photolysis, coagulation, precipitation) of the
waste material. Neutralization of acidic or alkaline wastes is the most common form of chemical
treatment. Elementary neutralization of corrosive wastes is exempt from federal RCRA
permitting requirements. Before discharge of wastes to a publicly owned treatment works
(POTW), ensure that they contain no pollutants (other than corrosivity) exceeding the limits set
by the POTW. The oxidation of cyanide to cyanate with a strong chemical oxidant is an example
of a toxicity-reducing chemical treatment.

c. Physical treatment: Methods include solidification, compaction, photo-induced reaction,
distillation, flocculation, sedimentation, flotation, aeration, filtration, centrifugation, reverse
osmosis, ultrafiltration, gravity thickening, and carbon or resin adsorption. Physical treatment
generally reduces volume or mobility of waste materials.

d. Biological treatment: Methods include using biosolids to destroy organic compounds,
composting organic-rich wastes, and using bioreactors to promote decomposition. Biological
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treatment usually is economical on a scale larger than is possible in most water and wastewater
laboratories.

e. Ultimate disposal: After waste minimization and treatment, remaining waste streams
require disposal. Nonhazardous wastes that cannot be treated further can be discharged as
wastewater, emitted to the atmosphere, or placed on or in the ground.

With extreme caution, it may be permissible to dispose of limited quantities (at certain
concentrations) of laboratory wastes to the sanitary sewer system or to evaporate volatile wastes
in chemical ventilation hoods. Obtain written permission of local, state, and federal authorities to
dispose of waste in this manner. With increasing regulatory constraints imposed by RCRA, the
Clean Air Act, and Clean Water Act, these disposal options are becoming increasingly limited.
Wastes disposed of in this manner may contact other substances in the sewer or ventilation
systems and produce hazardous reactions.

Most hazardous wastes generated in laboratories must be sent off site for further treatment
and disposal. Exercise extreme care in selecting a reputable waste hauler and disposal firm.
Many firms will assist laboratories in packaging and manifesting *“lab packs,”” 19- to 208-L (5-
to 55-gal) drums containing several smaller containers of wastes.! Liability does not disappear
when the waste leaves the generator’s facility. Ensure that the laboratory receives a copy of the
completed manifest and certificate of treatment and/or disposal. If possible, visit the disposal
facility in advance to observe how it will manage a waste.

Certain wastes require special handling. As mentioned previously, incinerate infectious waste
or sterilize it before disposal. Before reuse, sterilize all nondisposable equipment that has come
into contact with infectious waste.

Although most water and wastewater laboratories do not work with radiochemical wastes,
some do. Handle radiochemical wastes with extreme care. Generalized disposal criteria for
radioactive wastes have been developed by the National Council on Radiation Protection and
Measurements.3 Low-level radioactive waste must be in solid form for final disposal on land.
Some firms will process liquid radioactive wastes into solids. Adding absorbent materials to
liquid radioactive wastes is not permissible. Certain states allow low-level liquid radioactive
waste to be discharged to a permitted publicly owned treatment works (POTW).

Other wastes that require special handling include polychlorinated biphenyls (PCBs),
dioxin/furans and their precursors, petroleum products, and asbestos. Consult with federal and
state officials before disposing of these wastes.

3. References
1. AMERICAN CHEMICAL SOCIETY. 1983. RCRA and Laboratories. Dep. Public Affairs,
American Chemical Soc., Washington, D.C.

2. U.S.ENVIRONMENTAL PROTECTION AGENCY. 1990. Standards for Owners and
Operators of Hazardous Waste Treatment, Storage, and Disposal Facilities. 40 CFR
Part 264.

3. U.S. ENVIRONMENTAL PROTECTION AGENCY. Standards for Protection Against
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Radiation. 10 CFR Part 20.

4. Bibliography

NATIONAL ACADEMY OF SCIENCES, NATIONAL ACADEMY OF ENGINEERING & INSTITUTE OF
MEDICINE. 1983. Prudent Practices for the Disposal of Chemicals from Laboratories.
National Academy Press, Washington, D.C.

KROFTA, M. & L.K. WANG. 1985. Hazardous Waste Management in Institutions and Colleges.
PB86-194180/AS, U.S. National Technical Information Serv., Springfield, Va.

SNIDER, E.H. 1992. Waste minimization. In L.K. Wang & M.H.S. Wang, eds., Handbook of
Industrial Waste Treatment, p.1. Marcel Dekker, Inc., New York, N.Y.

DUFOUR, J.T. 1994. Hazardous Waste Management Guide for Laboratories. Dufour Group,
Sacramento, Calif.

Figures

Figure 1010:1. Normal (left) and skewed (right) distributions.

Figure 1020:1. Control charts for means.

Figure 1020:2. Duplicate analyses of a standard.

Figure 1020:3. Range chart for variable concentrations.

Figure 1020:4. Range chart for variable ranges.

Figure 1020:5. Means control chart with out-of-control data (upper half).
Figure 1030:1. Detection limit relationship.

Figure 1060:1. Approximate number of samples required in estimating a mean
concentration. Source: Methods for the Examination of Waters and Associated Materials:
General Principles of Sampling and Accuracy of Results. 1980. Her Majesty’s Stationery
Off., London, England.

TABLES

TABLE 1010:1. CRITICAL VALUES FOR 5% AND 1% TESTS OF DISCORDANCY FOR A SINGLE
OUTLIER IN A NORMAL SAMPLE

Number of Critical Value
Measurements
n 5% 1%
3 1.15 1.15
4 1.46 1.49
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M(l_\lauerrbeenrw;);ts Critical Value

n 5% 1%
5 1.67 1.75

6 1.82 1.94

7 1.94 2.10

8 2.03 2.22

9 2.11 2.32
10 2.18 241
12 2.29 2.55
14 2.37 2.66
15 241 2.71
16 2.44 2.75
18 2.50 2.82
20 2.56 2.88
30 2.74 3.10
40 2.87 3.24
50 2.96 3.34
60 3.03 3.41
100 3.21 3.60
120 3.27 3.66

Source: BARNETT, V. T.LEWIS. 1984. Outliers in Statistical Data. John Wiley Sons, New York,
N.Y.

TABLE 1020:1. FACTORS FOR COMPUTING LINES ON RANGE CONTROL CHARTS

Number of Factor for Factor for
Observations Central Line Control Limits
n (Do) (Dg)

2 1.128 3.267
3 1.693 2.575
4 2.059 2.282
3) 2.326 2.115
6 2.534 2.004
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Source: ROSENSTEIN, M. A. S. GOLDEN. 1964. Statistical Techniques for Quality Control of
Environmental Radioassays. AQCS Rep. Stat-1. Public Health Serv., Winchester, Mass.

TABLE 1020:11. EXAMPLE DATA QUALIFIERS
Symbol Explanation

B Analyte found in reagent blank. Indicates possible
reagent or background contamination.

Reported value exceeded calibration range.

J Reported value is an estimate because concentration
is less than reporting limit or because certain QC
criteria were not met.

N Organic constituents tentatively identified.
Confirmation is needed.

PND Precision not determined.

R Sample results rejected because of gross deficiencies

in QC or method performance. Re-sampling and/or
re-analysis is necessary.

RND Recovery not determined.
U Compound was analyzed for, but not detected.

* Based on U.S. Environmental Protection Agency guidelines.!

TABLE 1020:111. AUDIT OF A SOIL ANALYSIS PROCEDURE

Procedure Comment Remarks
l.a  Sample entered into yes lab number assigned
logbook

2.a Sample weighed yes dry weight

3.a  Drying procedure followed no maintenance of oven not
done

4a. Balance calibrated yes once per year

b. Cleaned and zero adjusted yes weekly

5.a  Sample ground yes to pass 50 mesh

6.a  Ball mill cleaned yes should be after each
sample
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Procedure Comment Remarks

TABLE 1030:1. CONDUCTIVITY FACTORS OF IONS COMMONLY FOUND IN WATER
Conductivity (25°C)

lon pmhos/cm
Per me/L Per mg/L
Bicarbonate 43.6 0.715
Calcium 52.0 2.60
Carbonate 84.6 2.82
Chloride 75.9 2.14
Magnesium 46.6 3.82
Nitrate 71.0 1.15
Potassium 72.0 1.84
Sodium 48.9 2.13
Sulfate 73.9 1.54

TABLE 1040:1. PRECISION AND BIAS FOR A SINGLE CONCENTRATIONIN A SINGLE MATRIX

Result Difference Squared
mg/L (-1.30) Difference
1.23 -0.07 0.0049
1.21 -0.09 0.0081
1.30 0.0 0.0000
1.59 0.29 0.0841
1.57 0.27 0.0729
1.21 -0.09 0.0081
1.53 0.23 0.0529
1.25 -0.05 0.0025
Sum 0.49 0.2335

© Copyright 1999 by American Public Health Association, American Water Works Association, Water Environment Federation



Standard Methods for the Examination of Water and Wastewater

Result Difference Squared
mg/L (-1.30) Difference

TABLE 1040:11. VARIATIONS IN FACTORS FOR METHOD RUGGEDNESS DETERMINATION

Factor Nominal Variation
Mixing time 10 min 12 min
Portion size 549 10 g
Acid concentration 1M 1.1M
Heat to 100°C 95°C
Hold heat for 5 min 10 min
Stirring yes no

pH adjust 6.0 6.5

TABLE 1040:111. FACTOR MATRIX FOR METHOD RUGGEDNESS DETERMINATION
Combinations

Factor value 1 2 3 4 5 6 7 8
Aora A A A A a a a a
Borb B B b b B B b b
Corc C c C c C c C c
Dord D D d d d d D D
Eore E e E e e E e E
Forf F f f F F f f F
Gorg G g g G g G G g
Result S t u Y w X y z

Source: YOUDEN, W.J. E.H.STEINER. 1975. Statistical Manual of AOAC. Assoc. Official
Analytical Chemists, Washington, D.C.

TABLE 1040:1V. SAMPLE COLLABORATIVE TEST RESULTS

Deviation
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TABLE 1040:1V. SAMPLE COLLABORATIVE TEST RESULTS

Deviation
Result Experimental From From Grand
Laboratory mg/L Xts Known Average
1 32.7
35.2 34.7+1.8 -2.0 -1.7
36.3
2 32.6
33.7 33.320.6 -0.6 -0.3
33.6
3 30.6
30.6 31.2+1.0 -1.5 -1.8
324
4 32.6
32.5 33.0+x0.8 -0.3 -0
33.9
5 32.4
33.4 32.6+0.8 -0.1 -0.4
32.9
(Xx)/n = 33 >=13 >=-0.2
s=15
TABLE 1040:V. METHOD PRECISION AND BIAS
Known Amount Cv
Amount Found (% Standard Bias
mg/L mg/L Deviation) %
4.3 4.8 12.5 11.5
11.6 12.2 10.2 5.6
23.4 23.8 54 1.9
32.7 33.0 4.5 0.9
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TABLE 1050:1. CONVERSION FACTORS* (Milligrams per Liter—Milliequivalents per Liter)

(C;irl)n) me/L = mg/Lx mg/L = me/Lx (Alrc:irl)n) me/L = mg/Lx mg/L = me/Lx
At 01112 8.994 BO,~ 0.023 36 42.81
B3+ 0.2775 3.604 Br- 0.012 52 79.90
Ba2t 0.014 56 68.66 Cl- 0.028 21 35.45
ca?t 0.049 90 20.04 CO32_ 0.033 33 30.00
cr3t 0.057 70 17.33 CrO42‘ 0.017 24 58.00

F 0.052 64 19.00
Cu2+t 0.03147 31.77 HCO4~ 0.016 39 61.02
Fe2+* 0.03581 27.92 HP042— 0.020 84 47.99
Fe3* 0.05372 18.62 H,PO,~ 0.010 31 96.99
H* 09921 1.008 HS— 0.030 24 33.07
K* 0.025 58 39.10 HSO5~ 0.012 33 81.07

HSO,~ 0.010 30 97.07
Li* 0.1441 6.941 |- 0.007 880 126.9
Mg2+ 0.082 29 12.15 NO,~ 0.021 74 46.01
Mn2+ 0.036 40 27.47 NO3~ 0.016 13 62.00
Mn4+ 0.072 81 13.73 OH~ 0.058 80 17.01
Nat  0.043 50 22.99 Po43— 0.031 59 31.66
NH,* 0.055 44 18.04 S2- 0.062 37 16.03
Pp2+ 0.009 653 103.6 Si032_ 0.026 29 38.04
sr2+ 0.022 83 43.81 3032— 0.024 98 40.03
Zn2+ 0.030 59 32.70 3042— 0.020 82 48.03

* Factors are based on ion charge and not on redox reactions that may be possible for certain of
these ions. Cations and anions are listed separately in alphabetical order.
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TABLE 1060:1. SUMMARY OF SPECIAL SAMPLING AND HANDLING REQUIREMENTS*

Minimum
Sample
Size Sample
Determination Containert mL Typet
Acidity P, G(B) 100 g Refrigerate
Alkalinity P,G 200 g Refrigerate
BOD P,G 1000 g, ¢ Refrigerate
Boron P (PTFE) or 1000 g, ¢ HNOjztopH<
quartz
Bromide P,G 100 g, ¢ None required
Carbon, organic, total G (B) 100 g,c Analyze imme
H3PO,, or Hy<
Carbon dioxide P,G 100 g Analyze imme
COD P,G 100 g,c Analyze as so
refrigerate
Chloride P,G 50 g, ¢ None required
Chlorine, total, residual P,G 500 g Analyze imme
Chlorine dioxide P,G 500 g Analyze imme
Chlorophyl P,G 500 g Unfiltered, dar
Filtered, dark,
(Do not store i
Color P,G 500 g, ¢ Refrigerate
Specific conductance P,G 500 g, c Refrigerate
Cyanide
Total P,G 1000 g,c Add NaOH to
Amenable to chlorination P,G 1000 g,c Add 0.6 g asct
refrigerate
Fluoride P 100 g, ¢ None required
Hardness P,G 100 g, ¢ Add HNO; or |
lodine P,G 500 g Analyze imme
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Minimum
Sample
Size Sample
Determination Containert mL Typet
Metals, general P(A), G(A) 1000 g,c Fordissolved
pH <2
Chromium VI P(A), G(A) 1000 g Refrigerate
Copper by colorimetry*
Mercury P(A), G(A) 1000 g.¢ Add HNOjto|
Nitrogen
Ammonia P,G 500 g,c Analyze as so
refrigerate
Nitrate P,G 100 g, c Analyze as so
Nitrate + nitrite P,G 200 g, ¢ AddH,SO,to
Nitrite P,G 100 g, c Analyze as so
Organic, Kjeldahl* P,G 500 g, ¢ Refrigerate, ac
Odor G 500 g Analyze as so
Oil and grease G, wide-mouth 1000 g AddHClorH,
calibrated
Organic compounds
MBAs P,G 250 g, c Refrigerate
Pesticides* G(S), 1000 g, ¢ Refrigerate, ac
PTFE-lined cap chlorine prese
Phenols P, G, 500 g, ¢ Refrigerate, ac
PTFE-lined cap
Purgeables* by purge and trap G, PTFE-lined 2 x40 g Refrigerate; ac
cap acid/L if residu
Base/neutrals acids G(S) amber 1000 g, c Refrigerate
Oxygen, dissolved G, BOD bottle 300
Electrode Analyze imme
Winkler Titration may t
Ozone G 1000 g Analyze imme
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Minimum
Sample
Size Sample
Determination Containert mL Typet
pH P,G 50 g Analyze imme
Phosphate G(A) 100 g For dissolved |
Phosphorus, total P,G 100 g, ¢ AddH,SO,to
Salinity G, wax seal 240 g Analyze imme
Silica P (PTFE) or 200 g, ¢ Refrigerate, dc
quartz
Sludge digester gas G, gas bottle — g —
Solids® P,G 200 g, ¢ Refrigerate
Sulfate P,G 100 g, ¢ Refrigerate
Sulfide P,G 100 g, ¢ Refrigerate; ac
NaOH to pH >
Temperature P,G — g Analyze imme
Turbidity P,G 100 g,c Analyze same

refrigerate

* For determinations not listed, use glass or plastic containers; preferably refrigerate during
storage and analyze as soon as possible.

T P = plastic (polyethylene or equivalent); G = glass; G(A) or P(A) = rinsed with 1 + 1 HNOg;
G(B) = glass, borosilicate; G(S) = glass, rinsed with organic solvents or baked.

1 g = grab; ¢ = composite.

§ Refrigerate = storage at 4°C + 2°C; in the dark; analyze immediately = analyze usually within
15 min of sample collection.

|| See citationl0 for possible differences regarding container and preservation requirements. N.S.
= not stated in cited reference; stat = no storage allowed; analyze immediately.

# If sample is chlorinated, see text for pretreatment.

TABLE 1080:1. WATER PURIFICATION PROCESSES

Major Classes of Contaminants*

Dissolved Dissolved Dissolved P
Process lonized Solids lonized Gases  Organics Particulates Bacteria Er
Distillation G-Et P G E E
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Major Classes of Contaminants*

Dissolved Dissolved Dissolved P
Process lonized Solids lonized Gases  Organics Particulates Bacteria Er
Deionization E E P P P
Reverse osmosis Gt P G E E
Carbon adsorption P =% G-E || P P
Filtration P P P E E
Ultrafiltration P P G# E E
Ultraviolet oxidation P P G-E** P Gtt

Permission to use this table from C3-A2, Vol. 11, No. 13, Aug. 1991, “*Preparation and Testing
of Reagent Water in the Clinical Laboratory - Second Edition’” has been granted by the National
Committee for Clinical Laboratory Standards. The complete current standard may be obtained
from National Committee for Clinical Laboratory Standards, 771 E. Lancaster Ave., Villanova,
PA 19085.

* E = Excellent (capable of complete or near total removal), G = Good (capable of removing
large percentages), P = Poor (little or no removal).

T Resistivity of water purified by distillation is an order of magnitude less than water produced
by deionization, due mainly to the presence of CO, and sometimes H,S, NH,, and other ionized

gases if present in the feedwater.F Resistivity of dissolved ionized solids in the product water
depends on original feedwater resistivity.

8 Activated carbon removes chlorine by adsorption.

| When used in combination with other purification processes, special grades of activated carbon
and other synthetic adsorbents exhibit excellent capabilities for removing organic contaminants.
Their use, however, is targeted toward specific compounds and applications.

# Ultrafilters have demonstrated usefulness in reducing specific feedwater organic contaminants
based on the rated molecular weight cut-off of the membrane.

** 185 nm ultraviolet oxidation (batch process systems) is effective in removing trace organic
contaminants when used as post-treatment. Feedwater makeup plays a critical role in the
performance of these batch processors.

T1 254 nm UV sterilizers, while not physically removing bacteria, may have bactericidal or
bacteriostatic capabilities limited by intensity, contact time, and flow rate.

TABLE 1080:11. REAGENT WATER SPECIFICATIONS*
Quality Parameter High Medium Low

Resistivity, megohm-cm at 25°C >10 >1 0.1
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Quality Parameter Medium Low

Conductivity, umho/cm at 25°C <1 10

Si0,, mg/L <0.1 <1
TABLE 1090:1. PERMISSIBLE EXPOSURE LIMITS, THRESHOLD LIMIT VALUES, SHORT-TERM

EXPOSURE LIMITS, AND/OR CEILINGS FOR SOME INORGANIC CHEMICALS SPECIFIED IN
STANDARD METHODS

Chemical Abstract No. PEL/TLV STEL
Compound CAS No. mg/m3
Chromic acid and chromatest¥ (as CrO,) 7440-47-3 0.1/0.05
Chromium, soluble chromic, chromous salts (as Cr) 7440-47-3 0.5/0.5
Chromium metal and insoluble salts 7440-47-3 1/0.5
Hydrogen chloride 7647-01-0 7.5(C)/7.5(C)
Hydrogen peroxide 7722-84-1 1.4/1.4
Lead? 7439-92-1 —-/0.15
Mercuryt8 7439-97-6 0.1/0.05
Nitric acid 7697-37-2 5/5.2, 10(S)
Phosphoric acid 7664-38-2 1/1, 3(S)
Potassium hydroxide 1310-58-3 —/2(C)
Silver (metal and soluble compounds, as Ag) 7440-22-4 0.01/0.1 meti
Sodium azide 26628-22-8 —/0.29(C)
Sodium hydroxide 1310-73-2 2(C)/2(C)
Sulfuric acid 7664-93-9 1/1, 3(S)

* Short-term exposure limit. See 29 CFR 1910.1028.
T (Suspect) carcinogen.
1 Substance has a Biological Exposure Index (BEI).

8 Skin hazard.

TABLE 1090:1l.

PERMISSIBLE EXPOSURE LIMITS, THRESHOLD LIMIT VALUES, SHORT-TERM

EXPOSURE LIMITS, AND/OR CEILINGS FOR ORGANIC SOLVENTS SPECIFIED IN STANDARD

METHODS
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EXPOSURE LIMITS, AND/OR CEILINGS FOR ORGANIC SOLVENTS SPECIFIED IN STANDARD

METHODS

Chemical Abstract No. PEL/TLV STEL(S)* c
Compound CAS No. ppm (viv
Acetic acid 64-19-7 10/10, 15(S)
Acetone 67-64-1 1000/750, 1000(S)
Acetonitrile 75-05-8 40/40, 60(S)
Benzenett 71-43-2 10, 25(C), 50 peak 10 mi
n-Butyl alcohol8 71-36-3 100/50(C)
tert-Butyl alcohol 75-65-0 100/100, 150(S)
Carbon disulfidet 75-15-0 20, 30(C), 100 peak 30 nr
Carbon tetrachloridet8 56-23-5 10, 25, 200 peak 5 min/4
Chloroformt 67-66-3 50(C)/10
Cyclohexanone$ 108-94-1 50/50
Dioxane8 (diethylene dioxide) 123-91-1 100/25
Ethyl acetate 141-78-6 400/400
Ethyl alcohol 64-17-5 1000/1000
Ethyl ether (diethyl ether) 60-29-7 400/400, 500(S)
Ethylene glycol 107-21-1 —/50(C)
n-Hexanef 110-54-3 100/50
Isoamyl alcohol (primary and secondary) 123-51-3 100/100, 125(S)
Isobutyl alcohol 78-83-1 100/50
Isopropyl alcohol 67-63-0 400/400, 500(S)
Isopropy! ether 108-20-3 500/250, 310(S)
Methy! alcohol3 67-56-1 200/200, 250(S)
2-Methoxyethanol® (methyl cellosolve) 109-86-4 25/5
Methylene chloridet 75-09-2 500, 1000(C), 2000 peak
Pentane 109-66-0 1000/600, 750(S)
Perchloroethylenetf 127-18-4 100, 200(C), 300 peak 5
(tetrachloroethylene) 200(S)
n-Propyl alcohol 71-23-8 200/200, 250(S)
Pyridine 110-86-1 5/5
Toluenet$ 108-88-3 200, 300(C), 500 peak 1(
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Chemical Abstract No. PEL/TLV STEL(S)* c
Compound CAS No. ppm (viv
Xylenest (o-, m-, p-isomers) 1330-20-7 100/100, 150(S)
(95-47-6, 108-38-3,
106-42-3)

* Short-term exposure limit. See 29 CFR 1910.1028.
T (Suspect) carcinogen.

1 Substance has a Biological Exposure Index (BEI).
§ Skin hazard.

TABLE 1090:11l1. PERMISSIBLE EXPOSURE LIMITS, THRESHOLD LIMIT VALUES, SHORT-TERM
EXPOSURE LIMITS, AND/OR CEILINGS FOR SOME OF THE REAGENTS SPECIFIED IN STANDARD
METHODS

Chemical Abstract No. PEL/TLV STEL(S)* or !

Compound CAS No. ppm (v/v)
2-Aminoethanol (ethanolamine) 141-43-5 3/3, 6(S)
Benzidinett 92-87-5 Confirmed human ca
Benzyl chloride 100-44-7 1/1
Chlorobenzene 108-90-7 75/10
Diethanolamine 111-42-2 —13
Naphthalene 91-20-3 10/10, 15(S)
Oxalic acid 144-62-7 1/1 mg/m3
Phenolt 108-95-2 5/5
2-Chloro-6-(trichloromethyl) pyridine 1929-82-4
(nitrapyrin)
Total dust 15/10 mg/m3
Respirable fraction 5/— mg/m3

* Short-term exposure limit. See 29 CFR 1910.1028.
T (Suspect) carcinogen.
1 Skin hazard.

TABLE 1090:1V. GLOVE SELECTION FOR ORGANIC CHEMICAL HANDLING
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TABLE 1090:1V. GLOVE SELECTION FOR ORGANIC CHEMICAL HANDLING

Chemical Abstract No. Chemical Butyl

Compound CAS No. Class Rubber Neoprene
Ethers: 241
Ethyl ether (diethyl ether) 60-29-7 241
Isopropyl ether 108-20-3 241
2-Methoxyethanolt (methyl cellosolve) 109-86-4 245 X
Halogen compounds: 261
Carbon tetrachloride* 56-23-5 261
Chloroform* 67-66-3 261
Methylene chloride 75-09-2 261
Perchloroethylene* (tetrachloroethylene) 127-18-4 261
Hydrocarbons: 291
n-Hexane 110-54-3 291
Pentane 109-66-0 291
Benzene* 71-43-2 292
Toluene 108-88-3 292
Xylenes (0-, m-, p-isomers) 1330-20-7 292
Hydroxyl compounds: 311
n-Butyl alcohol 71-36-3 311 X X
Ethyl alcohol 64-17-5 311 X
Methy! alcohol 67-56-1 311 X
n-Propyl alcohol 71-23-8 311
Isoamyl alcohol 123-51-3 311
Isobutyl alcohol 78-83-1 311 X
Isopropyl alcohol 67-63-0 312 X
tert-Butyl alcohol (2,2-methylpropanol) 75-65-0 313 X
Ethylene glycol 107-21-1 314 X X
Ketones: 391
Acetone 67-64-1 391 X
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Chemical Abstract No. Chemical Butyl

Compound CAS No. Class Rubber Neoprene

Cyclohexanone 108-94-1 391 X
Heterocyclic compounds: 271

Dioxanet (diethylene dioxide) 123-91-1 278 X

Pyridine 110-86-1 271 X
Miscellaneous organic compounds:

Acetic acid 75-07-0 102 X X

Ethyl acetate 141-78-6 222 X

Acetonitrile 75-05-8 431 X

Carbon disulfide 75-15-0 502

* (Suspect) carcinogen.
T Skin hazard.

TABLE 1090:V. GLOVE SELECTION FOR INORGANIC CHEMICAL HANDLING

Suit
Chemical Abstract No. Chemical Butyl Natural

Compound (CAS No.) Class Rubber Rubber N
Inorganic acids: 370

Chromic acid,* (Cr*®) 7440-47-3 370 X

Hydrochloric acid, 30-70% solutions 10035-10-6 370 X X

Hydrochloric acid, <30% solutions 10035-10-6 370 X X

Nitric acid, 30-70% solutions 7697-37-2 370 X

Nitric acid, <30% solutions 7697-37-2 370 X X

Phosphoric acid, >70% solutions 7664-38-2 370 X

Phosphoric acid, 30-70% solutions 7664-38-2 370 X

Sulfuric acid, >70% solutions 7664-93-9 370 X

Sulfuric acid, 30-70% solutions 7664-93-9 370 X X

Sulfuric acid, <30% solutions 7664-93-9 370 X X
Inorganic bases: 380
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Chemical Abstract No.

Suit

Chemical Butyl Natural

Compound (CAS No.) Class Rubber Rubber N
Ammonium hydroxide, 30-70% 7664-41-7 380 X
solutions
Ammonium hydroxide, <30% solutions 7664-41-7 380 X
Potassium hydroxide, 30-70% solutions 1310-58-3 380 X X
Sodium hydroxide, >70% solutions 1310-73-2 380
Sodium hydroxide, 30—70% solutions 1310-73-2 380 X X
Inorganic salt solutions: 340
Dichromate solutions, <30%,* (Cr*6) 7440-47-3 340
Inorganic miscellaneous:
Hydrogen peroxide, 30-70% solutions 7722-39-3 300 X
Mercuryt 7439-97-6 560

* (Suspect) carcinogen.
T Skin hazard.

TABLE 1090:VI. PROCEDURES INVOLVING POTENTIAL EXPOSURE TO IONIZING RADIATION

Standard Methods Section Radionuclide

Type of Radiation

Part 6000 methods: GC with electron 63Nj or 3H

capture detectors

Low-energy beta (63Ni, 17 ke

7110 Gross Alpha and Gross Beta  Alpha: Uranium, 230Th, Alpha; beta and gamma; or b

Radioactivity 239py. 241Am
Beta: 137Cs, 90sr

7500-Cs Radioactive Cesium 134cg, 137Cs

7500-1 Radioactive lodine 131

7500-Ra Radium 226Rg

7500-Sr A Total Radioactive 89gy, 90gy

Strontium and Strontium-90
7500-3H Tritium 3H

Beta, gamma
Beta, gamma
Alpha, beta, gamma

Beta-emitters

Low-energy beta (6 keV avg)
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Standard Methods Section Radionuclide Type of Radiation

7500-U Uranium U series Alpha, beta, gamma

Part 2000 PHYSICAL & AGGREGATE PROPERTIES

2010 INTRODUCTION

This part deals primarily with measurement of the physical properties of a sample, as
distinguished from the concentrations of chemical or biological components. Many of the
determinations included here, such as color, electrical conductivity, and turbidity, fit this
category unequivocally. However, physical properties cannot be divorced entirely from chemical
composition, and some of the techniques of this part measure aggregate properties resulting from
the presence of a number of constituents. Others, for example, calcium carbonate saturation, are
related to, or depend on, chemical tests. Also included here are tests for appearance, odor, and
taste, which have been classified traditionally among physical properties, although the point
could be argued. Finally, Section 2710, Tests on Sludges, includes certain biochemical tests.
However, for convenience they are grouped with the other tests used for sludge.

With these minor exceptions, the contents of this part have been kept reasonably faithful to
its name. Most of the methods included are either inherently or at least traditionally physical, as
distinguished from the explicitly chemical, radiological, biological, or bacteriological methods of
other parts.

2020 QUALITY ASSURANCE/QUALITY CONTROL

Part 2000 contains a variety of analytical methods, many of which are not amenable to
standard quality-control techniques. General information on quality control is provided in Part
1000 and specific quality-control techniques are outlined in the individual methods. The
following general guidelines may be applied to many of the methods in this part:

Evaluate analyst performance for each method. Determine competence by analyses of
samples containing known concentrations.

Calibrate instruments and ensure that instrument measurements do not drift.
Assess the precision of analytical procedures by analyzing at least 10% of samples in
duplicate. Analyze a minimum of one duplicate with each set of samples.

Determine bias of an analytical procedure in each sample batch by analysis of blanks, known
additions with a frequency of at least 5% of samples, and, if possible, an externally provided
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standard.

2110 APPEARANCE*#(6)

To record the general physical appearance of a sample, use any terms that briefly describe
its visible characteristics. These terms may state the presence of color, turbidity, suspended
solids, organisms and their immature forms, sediment, floating material, and similar particulate
matter detectable by the unaided eye. Use numerical values when they are available, as for color,
turbidity, and suspended solids.

2120  COLOR*#(7)

2120 A. Introduction

Color in water may result from the presence of natural metallic ions (iron and manganese),
humus and peat materials, plankton, weeds, and industrial wastes. Color is removed to make a
water suitable for general and industrial applications. Colored industrial wastewaters may
require color removal before discharge into watercourses.

1. Definitions

The term *“color’” is used here to mean true color, that is, the color of water from which
turbidity has been removed. The term “‘apparent color’” includes not only color due to
substances in solution, but also that due to suspended matter. Apparent color is determined on
the original sample without filtration or centrifugation. In some highly colored industrial
wastewaters color is contributed principally by colloidal or suspended material. In such cases
both true color and apparent color should be determined.

2. Pretreatment for Turbidity Removal

To determine color by currently accepted methods, turbidity must be removed before
analysis. Methods for removing turbidity without removing color vary. Filtration yields results
that are reproducible from day to day and among laboratories. However, some filtration
procedures also may remove some true color. Centrifugation avoids interaction of color with
filter materials, but results vary with the sample nature and size and speed of the centrifuge.
When sample dilution is necessary, whether it precedes or follows turbidity removal, it can alter
the measured color.

Acceptable pretreatment procedures are included with each method. State the pretreatment
method when reporting results.

3. Selection of Method
The visual comparison method is applicable to nearly all samples of potable water. Pollution
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by certain industrial wastes may produce unusual colors that cannot be matched. In this case use
an instrumental method. A modification of the tristimulus and the spectrophotometric methods
allows calculation of a single color value representing uniform chromaticity differences even
when the sample exhibits color significantly different from that of platinum cobalt standards. For
comparison of color values among laboratories, calibrate the visual method by the instrumental
procedures.

4. Bibliography
OPTICAL SOCIETY OF AMERICA. 1943. Committee Report. The concept of color. J. Opt. Soc.
Amer. 33:544.

JONES, H. et al. 1952. The Science of Color. Thomas Y. Crowell Co., New York, N.Y.

2120 B. Visual Comparison Method

1. General Discussion

a. Principle: Color is determined by visual comparison of the sample with known
concentrations of colored solutions. Comparison also may be made with special, properly
calibrated glass color disks. The platinum-cobalt method of measuring color is the standard
method, the unit of color being that produced by 1 mg platinum/L in the form of the
chloroplatinate ion. The ratio of cobalt to platinum may be varied to match the hue in special
cases; the proportion given below is usually satisfactory to match the color of natural waters.

b. Application: The platinum-cobalt method is useful for measuring color of potable water
and of water in which color is due to naturally occurring materials. It is not applicable to most
highly colored industrial wastewaters.

c. Interference: Even a slight turbidity causes the apparent color to be noticeably higher than
the true color; therefore remove turbidity before approximating true color by differential reading

with different color filters? or by differential scattering measurements.2 Neither technique,
however, has reached the status of a standard method. Remove turbidity by centrifugation or by
the filtration procedure described under Method C. Centrifuge for 1 h unless it has been
demonstrated that centrifugation under other conditions accomplishes satisfactory turbidity
removal.

The color value of water is extremely pH-dependent and invariably increases as the pH of
the water is raised. When reporting a color value, specify the pH at which color is determined.
For research purposes or when color values are to be compared among laboratories, determine
the color response of a given water over a wide range of pH values.3

d. Field method: Because the platinum-cobalt standard method is not convenient for field
use, compare water color with that of glass disks held at the end of metallic tubes containing
glass comparator tubes filled with sample and colorless distilled water. Match sample color with
the color of the tube of clear water plus the calibrated colored glass when viewed by looking
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toward a white surface. Calibrate each disk to correspond with the colors on the platinum-cobalt
scale. The glass disks give results in substantial agreement with those obtained by the
platinum-cobalt method and their use is recognized as a standard field procedure.

e. Nonstandard laboratory methods: Using glass disks or liquids other than water as
standards for laboratory work is permissible only if these have been individually calibrated
against platinum-cobalt standards. Waters of highly unusual color, such as those that may occur
by mixture with certain industrial wastes, may have hues so far removed from those of the
platinum-cobalt standards that comparison by the standard method is difficult or impossible. For
such waters, use the methods in Section 2120C and Section 2120D. However, results so
obtained are not directly comparable to those obtained with platinum-cobalt standards.

f. Sampling: Collect representative samples in clean glassware. Make the color determination
within a reasonable period because biological or physical changes occurring in storage may
affect color. With naturally colored waters these changes invariably lead to poor results.

2. Apparatus
a. Nessler tubes, matched, 50-mL, tall form.
b. pH meter, for determining sample pH (see Section 4500-H).

3. Preparation of Standards

a. If a reliable supply of potassium chloroplatinate cannot be purchased, use chloroplatinic
acid prepared from metallic platinum. Do not use commercial chloroplatinic acid because it is
very hygroscopic and may vary in platinum content. Potassium chloroplatinate is not
hygroscopic.

b. Dissolve 1.246 g potassium chloroplatinate, K,PtClg (equivalent to 500 mg metallic Pt)
and 1.00 g crystallized cobaltous chloride, CoCl,-6H,0 (equivalent to about 250 mg metallic

Co) in distilled water with 100 mL conc HCI and dilute to 1000 mL with distilled water. This
stock standard has a color of 500 units.

c. If K,PtClg is not available, dissolve 500 mg pure metallic Pt in agua regia with the aid of
heat; remove HNO4 by repeated evaporation with fresh portions of conc HCI. Dissolve this
product, together with 1.00 g crystallized CoCl,-6H,0, as directed above.

d. Prepare standards having colors of 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, and 70 by
diluting 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, and 7.0 mL stock color standard with

distilled water to 50 mL in nessler tubes. Protect these standards against evaporation and
contamination when not in use.

4. Procedure

a. Estimation of intact sample: Observe sample color by filling a matched nessler tube to the
50-mL mark with sample and comparing it with standards. Look vertically downward through
tubes toward a white or specular surface placed at such an angle that light is reflected upward
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through the columns of liquid. If turbidity is present and has not been removed, report as
““apparent color.”” If the color exceeds 70 units, dilute sample with distilled water in known
proportions until the color is within the range of the standards.

b. Measure pH of each sample.

5. Calculation
a. Calculate color units by the following equation:

A x50

Color units =
B

where:
A = estimated color of a diluted sample and
B = mL sample taken for dilution.

b. Report color results in whole numbers and record as follows:

Color Units Record to Nearest
1-50 1
51-100 5
101-250 10
251-500 20

c. Report sample pH.

6. References
1. KNIGHT, A.G. 1951. The photometric estimation of color in turbid waters. J. Inst. Water

Eng. 5:623.

2. JULLANDER, I. & K. BRUNE. 1950. Light absorption measurements on turbid solutions.
Acta Chem. Scand. 4:870.

3. BLACK, A.P. & R.F. CHRISTMAN. 1963. Characteristics of colored surface waters. J.
Amer. Water Works Assoc. 55:753.

7. Bibliography
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Measurement of Color and Turbidity in Water. 1902. U.S. Geol. Surv., Div. Hydrog. Circ. 8,
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PALIN, A.T. 1955. Photometric determination of the colour and turbidity of water. Water Water
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2120 C. Spectrophotometric Method

1. General Discussion

a. Principle: The color of a filtered sample is expressed in terms that describe the sensation
realized when viewing the sample. The hue (red, green, yellow, etc.) is designated by the term
‘“‘dominant wavelength,’” the degree of brightness by *“luminance,’” and the saturation (pale,
pastel, etc.) by ““purity.”” These values are best determined from the light transmission
characteristics of the filtered sample by means of a spectrophotometer.

b. Application: This method is applicable to potable and surface waters and to wastewaters,
both domestic and industrial.

c. Interference: Turbidity interferes. Remove by the filtration method described below.

2. Apparatus
a. Spectrophotometer, having 10-mm absorption cells, a narrow (10-nm or less) spectral
band, and an effective operating range from 400 to 700 nm.

b. Filtration system, consisting of the following (see Figure 2120:1):

1) Filtration flasks, 250-mL, with side tubes.

2) Walter crucible holder.

3) Glass Gooch filtering crucible with fritted disk, pore size 40 to 60 pum.
4) Calcined filter aid.*#(8)

5) Vacuum system.

3. Procedure

a. Preparation of sample: Bring two 50-mL samples to room temperature. Use one sample at
the original pH; adjust pH of the other to 7.6 by using sulfuric acid (H,SO,) and sodium
hydroxide (NaOH) of such concentrations that the resulting volume change does not exceed 3%.
A standard pH is necessary because of the variation of color with pH. Remove excessive
quantities of suspended materials by centrifuging. Treat each sample separately, as follows:

Thoroughly mix 0.1 g filter aid in a 10-mL portion of centrifuged sample and filter to form a
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precoat in the filter crucible. Direct filtrate to waste flask as indicated in Figure 2120:1. Mix 40
mg filter aid in a 35-mL portion of centrifuged sample. With vacuum still on, filter through the
precoat and pass filtrate to waste flask until clear; then direct clear-filtrate flow to clean flask by
means of the three-way stopcock and collect 25 mL for the transmittance determination.

b. Determination of light transmission characteristics: Thoroughly clean 1-cm absorption
cells with detergent and rinse with distilled water. Rinse twice with filtered sample, clean
external surfaces with lens paper, and fill cell with filtered sample.

Determine transmittance values (in percent) at each visible wavelength value presented in
Table 2120:1, using the 10 ordinates marked with an asterisk for fairly accurate work and all 30
ordinates for increased accuracy. Set instrument to read 100% transmittance on the distilled
water blank and make all determinations with a narrow spectral band.

4. Calculation

a. Tabulate transmittance values corresponding to wavelengths shown in Columns X, Y, and
Z in Table 2120:1. Total each transmittance column and multiply totals by the appropriate factors
(for 10 or 30 ordinates) shown at the bottom of the table, to obtain tristimulus values X, Y, and Z.
The tristimulus value Y is percent luminance.

b. Calculate the trichromatic coefficients x and y from the tristimulus values X, Y, and Z by
the following equations:

B, S
X+ Y+ 2

__r
X+Y+ Z

Locate point (X, y) on one of the chromaticity diagrams in Figure 2120:2 and determine the
dominant wavelength (in nanometers) and the purity (in percent) directly from the diagram.

Determine hue from the dominant-wavelength value, according to the ranges in Table
2120:11.

5. Expression of Results

Express color characteristics (at pH 7.6 and at the original pH) in terms of dominant
wavelength (nanometers, to the nearest unit), hue (e.g., blue, blue-green, etc.), luminance
(percent, to the nearest tenth), and purity (percent, to the nearest unit). Report type of instrument
(i.e., spectrophotometer), number of selected ordinates (10 or 30), and the spectral band width
(nanometers) used.

6. Bibliography
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2120 D. Tristimulus Filter Method

1. General Discussion

a. Principle: Three special tristimulus light filters, combined with a specific light source and
photoelectric cell in a filter photometer, may be used to obtain color data suitable for routine
control purposes.

The percentage of tristimulus light transmitted by the solution is determined for each of the
three filters. The transmittance values then are converted to trichromatic coefficients and color
characteristic values.

b. Application: This method is applicable to potable and surface waters and to wastewaters,
both domestic and industrial. Except for most exacting work, this method gives results very
similar to the more accurate Method C.

c. Interference: Turbidity must be removed.

2. Apparatus
a. Filter photometer.*#(9)
b. Filter photometer light source: Tungsten lamp at a color temperature of 3000°C.1#(10)
c. Filter photometer photoelectric cells, 1 cm.1#(11)

d. Tristimulus filters.3#(12)
e. Filtration system: See Section 2120C.2b and Figure 2120:1.

3. Procedure
a. Preparation of sample: See Section 2120C.3a.
b. Determination of light transmission characteristics: Thoroughly clean (with detergent)

and rinse 1-cm absorption cells with distilled water. Rinse each absorption cell twice with
filtered sample, clean external surfaces with lens paper, and fill cell with filtered sample.

Place a distilled water blank in another cell and use it to set the instrument at 100%
transmittance. Determine percentage of light transmission through sample for each of the three
tristimulus light filters, with the filter photometer lamp intensity switch in a position equivalent
to 4 V on the lamp.

4. Calculation
a. Determine luminance value directly as the percentage transmittance value obtained with
the No. 2 tristimulus filter.

b. Calculate tristimulus values X, Y, and Z from the percentage transmittance (T 1, T ,, T 3)
for filters No. 1, 2, 3, as follows:
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X=T4%006+T,x0.25
Y=T,x0316
Z=T,x0374

Calculate and determine trichromatic coefficients x and y, dominant wavelength, hue, and
purity as in Section 2120C.4b above.

5. Expression of Results
Express results as prescribed in Section 2120C.5.

2120 E. ADMI Tristimulus Filter Method

1. General Discussion

a. Principle: This method is an extension of Tristimulus Method 2120D. By this method a
measure of the sample color, independent of hue, may be obtained. It is based on use of the

Adams-Nickerson chromatic value formulal for calculating single number color difference
values, i.e., uniform color differences. For example, if two colors, A and B, are judged visually
to differ from colorless to the same degree, their ADMI color values will be the same. The

modification was developed by members of the American Dye Manufacturers Institute (ADMI).2
b. Application: This method is applicable to colored waters and wastewaters having color

characteristics significantly different from platinum-cobalt standards, as well as to waters and
wastewaters similar in hue to the standards.

c. Interference: Turbidity must be removed.

2. Apparatus
a. Filter photometer*#(13) equipped with CIE tristimulus filters (see Section 2120D.2d).
b. Filter photometer light source: Tungsten lamp at a color temperature of 3000°C (see
Section 2120D.2b).

c. Absorption cells and appropriate cell holders: For color values less than 250 ADMI units,
use cells with a 5.0-cm light path; for color values greater than 250, use cells with 1.0-cm light
path.

d. Filtration system: See Section 2120C.2b and Figure 2120:1; or a centrifuge capable of
achieving 1000 x g. (See Section 2120B.)

3. Procedure

a. Instrument calibration: Establish curves for each photometer; calibration data for one
instrument cannot be applied to another one. Prepare a separate calibration curve for each
absorption cell path length.

1) Prepare standards as described in Section 2120B.3. For a 5-cm cell length prepare
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standards having color values of 25, 50, 100, 200, and 250 by diluting 5.0, 10.0, 20.0, 40.0, and
50.0 mL stock color standard with distilled water to 100 mL in volumetric flasks. For the shorter
pathlength, prepare appropriate standards with higher color values.

2) Determine light transmittance (see { 3c, below) for each standard with each filter.
3) Using the calculations described in { 3d below, calculate the tristimulus values (X, Y,
Z,) for each standard, determine the Munsell values, and calculate the intermediate value (DE).

4) Using the DE values for each standard, calculate a calibration factor F, for each standard
from the following equation:

__ (APHA), (b)
’ (DE),

where:

(APHA),, = APHA color value for standard n,
(DE),, = intermediate value calculated for standard n, and
b = cell light path, cm.

Placing (DE),, on the X axis and F,, on the Y axis, plot a curve for the standard solutions. Use
calibration curve to derive the F value from DE values obtained with samples.

b. Sample preparation: Prepare two 100-mL sample portions (one at the original pH, one at
pH 7.6) as described in Section 2120C.3a, or by centrifugation. (NOTE: Centrifugation is
acceptable only if turbidity removal equivalent to filtration is achieved.)

c. Determination of light transmission characteristics: Thoroughly clean absorption cells
with detergent and rinse with distilled water. Rinse each absorption cell twice with filtered
sample. Clean external surfaces with lens paper and fill cell with sample. Determine sample light
transmittance with the three filters to obtain the transmittance values: T ; from Filter 1, T , from
Filter 2, and T 5 from Filter 3. Standardize the instrument with each filter at 100% transmittance
with distilled water.

d. Calculation of color values: Tristimulus values for samples are X, Y, and Z; for
standards X, Y,, and Z; and for distilled water X, Y., and Z.. Munsell values for samples are
Vysr Vys and Vy; for standards V., Vy,, and V,,; and for distilled water V,, Y., and V.

For each standard or sample calculate the tristimulus values from the following equations:

X = (T 5% 0.1899) + (T ; x 0.791)
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Y=T,
Z=T43x1.1835

Tristimulus values for the distilled water blank used to standardize the instrument are always:

X = 98.09
Y. =100.0
Z.=118.35

Convert the six tristimulus values (X, Y, Z, X, Y., Z.) to the corresponding Munsell values

using published tables 2, 3, 41#(14) or by the equation given by Bridgeman.3
Calculate the intermediate value of DE from the equation:

DE = {(0.23 AV))? + [A(Vy — V)]? + [0.4 AV, — V,)12312

where:
Vy = Vys — Vyc
A(Vy - Vy) = (Vys — Vys) — (Vye — Vyc)
A(Vy - Vz) = (Vys - st) - (VyC - Vzc)

when the sample is compared to distilled water.
With the standard calibration curve, use the DE value to determine the calibration factor F.
Calculate the final ADMI color value as follows:

F)y(DE
ADMI value = L.:},E;_}
where:

b = absorption cell light path, cm.

Report ADMI color values at pH 7.6 and at the original pH.

4. Alternate Method

The ADMI color value also may be determined spectrophotometrically, using a
spectrophotometer with a narrow (10-nm or less) spectral band and an effective operating range
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of 400 to 700 nm. This method is an extension of 2120C. Tristimulus values may be calculated
from transmittance measurements, preferably by using the weighted ordinate method or by the
selected ordinate method. The method has been described by Allen et al.,2 who include work
sheets and worked examples.
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2130 TURBIDITY*#(15)

2130 A. Introduction

1. Sources and Significance

Clarity of water is important in producing products destined for human consumption and in
many manufacturing operations. Beverage producers, food processors, and potable water
treatment plants drawing from a surface water source commonly rely on fluid-particle separation
processes such as sedimentation and filtration to increase clarity and insure an acceptable
product. The clarity of a natural body of water is an important determinant of its condition and
productivity.

Turbidity in water is caused by suspended and colloidal matter such as clay, silt, finely
divided organic and inorganic matter, and plankton and other microscopic organisms. Turbidity
is an expression of the optical property that causes light to be scattered and absorbed rather than
transmitted with no change in direction or flux level through the sample. Correlation of turbidity
with the weight or particle number concentration of suspended matter is difficult because the
size, shape, and refractive index of the particles affect the light-scattering properties of the
suspension. When present in significant concentrations, particles consisting of light-absorbing
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materials such as activated carbon cause a negative interference. In low concentrations these
particles tend to have a positive influence because they contribute to turbidity. The presence of
dissolved, color-causing substances that absorb light may cause a negative interference. Some
commercial instruments may have the capability of either correcting for a slight color
interference or optically blanking out the color effect.

2. Selection of Method

Historically, the standard method for determination of turbidity has been based on the
Jackson candle turbidimeter; however, the lowest turbidity value that can be measured directly
on this device is 25 Jackson Turbidity Units (JTU). Because turbidities of water treated by
conventional fluid-particle separation processes usually fall within the range of 0 to 1 unit,
indirect secondary methods were developed to estimate turbidity. Electronic nephelometers are
the preferred instruments for turbidity measurement.

Most commercial turbidimeters designed for measuring low turbidities give comparatively
good indications of the intensity of light scattered in one particular direction, predominantly at
right angles to the incident light. Turbidimeters with scattered-light detectors located at 90° to
the incident beam are called nephelometers. Nephelometers are relatively unaffected by small
differences in design parameters and therefore are specified as the standard instrument for
measurement of low turbidities. Instruments of different make and model may vary in
response.t#(16) However, interinstrument variation may be effectively negligible if good
measurement techniques are used and the characteristics of the particles in the measured
suspensions are similar. Poor measurement technique can have a greater effect on measurement
error than small differences in instrument design. Turbidimeters of nonstandard design, such as
forward-scattering devices, may be more sensitive than nephelometers to the presence of larger
particles. While it may not be appropriate to compare their output with that of instruments of
standard design, they still may be useful for process monitoring.

An additional cause of discrepancies in turbidity analysis is the use of suspensions of
different types of particulate matter for instrument calibration. Like water samples, prepared
suspensions have different optical properties depending on the particle size distributions, shapes,
and refractive indices. A standard reference suspension having reproducible light-scattering
properties is specified for nephelometer calibration.

Its precision, sensitivity, and applicability over a wide turbidity range make the
nephelometric method preferable to visual methods. Report nephelometric measurement results
as nephelometric turbidity units (NTU).

3. Storage of Sample

Determine turbidity as soon as possible after the sample is taken. Gently agitate all samples
before examination to ensure a representative measurement. Sample preservation is not practical;
begin analysis promptly. Refrigerate or cool to 4°C, to minimize microbiological decomposition
of solids, if storage is required. For best results, measure turbidity immediately without altering
the original sample conditions such as temperature or pH.
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2130 B. Nephelometric Method

1. General Discussion

a. Principle: This method is based on a comparison of the intensity of light scattered by the
sample under defined conditions with the intensity of light scattered by a standard reference
suspension under the same conditions. The higher the intensity of scattered light, the higher the
turbidity. Formazin polymer is used as the primary standard reference suspension. The turbidity
of a specified concentration of formazin suspension is defined as 4000 NTU.

b. Interference: Turbidity can be determined for any water sample that is free of debris and
rapidly settling coarse sediment. Dirty glassware and the presence of air bubbles give false
results. ““True color,”” i.e., water color due to dissolved substances that absorb light, causes
measured turbidities to be low. This effect usually is not significant in treated water.

2. Apparatus

a. Laboratory or process nephelometer consisting of a light source for illuminating the
sample and one or more photoelectric detectors with a readout device to indicate intensity of
light scattered at 90° to the path of incident light. Use an instrument designed to minimize stray
light reaching the detector in the absence of turbidity and to be free from significant drift after a
short warmup period. The sensitivity of the instrument should permit detecting turbidity
differences of 0.02 NTU or less in the lowest range in waters having a turbidity of less than 1
NTU. Several ranges may be necessary to obtain both adequate coverage and sufficient
sensitivity for low turbidities. Differences in instrument design will cause differences in
measured values for turbidity even though the same suspension is used for calibration. To
minimize such differences, observe the following design criteria:

1) Light source—Tungsten-filament lamp operated at a color temperature between 2200 and
3000°K.

2) Distance traversed by incident light and scattered light within the sample tube—Total not
to exceed 10 cm.

3) Angle of light acceptance by detector—Centered at 90° to the incident light path and not
to exceed +30° from 90°. The detector and filter system, if used, shall have a spectral peak
response between 400 and 600 nm.

b. Sample cells: Use sample cells or tubes of clear, colorless glass or plastic. Keep cells
scrupulously clean, both inside and out, and discard if scratched or etched. Never handle them
where the instrument’s light beam will strike them. Use tubes with sufficient extra length, or
with a protective case, so that they may be handled properly. Fill cells with samples and
standards that have been agitated thoroughly and allow sufficient time for bubbles to escape.

Clean sample cells by thorough washing with laboratory soap inside and out followed by
multiple rinses with distilled or deionized water; let cells air-dry. Handle sample cells only by
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the top to avoid dirt and fingerprints within the light path.

Cells may be coated on the outside with a thin layer of silicone oil to mask minor
imperfections and scratches that may contribute to stray light. Use silicone oil with the same
refractive index as glass. Avoid excess oil because it may attract dirt and contaminate the sample
compartment of the instrument. Using a soft, lint-free cloth, spread the oil uniformly and wipe
off excess. The cell should appear to be nearly dry with little or no visible oil.

Because small differences between sample cells significantly impact measurement, use either
matched pairs of cells or the same cell for both standardization and sample measurement.

3. Reagents

a. Dilution water: High-purity water will cause some light scattering, which is detected by
nephelometers as turbidity. To obtain low-turbidity water for dilutions, nominal value 0.02 NTU,
pass laboratory reagent-grade water through a filter with pore size sufficiently small to remove
essentially all particles larger than 0.1 um;*#(17) the usual membrane filter used for
bacteriological examinations is not satisfactory. Rinse collecting flask at least twice with filtered
water and discard the next 200 mL.

Some commercial bottled demineralized waters have a low turbidity. These may be used
when filtration is impractical or a good grade of water is not available to filter in the laboratory.
Check turbidity of bottled water to make sure it is lower than the level that can be achieved in
the laboratory.

b. Stock primary standard formazin suspension:

1) Solution I—Dissolve 1.000 g hydrazine sulfate, (NH,),-H,SO,, in distilled water and

dilute to 100 mL in a volumetric flask. CAUTION: Hydrazine sulfate is a carcinogen; avoid
inhalation, ingestion, and skin contact. Formazin suspensions can contain residual hydrazine
sulfate.

2) Solution II—Dissolve 10.00 g hexamethylenetetramine, (CH,)¢N,, in distilled water and
dilute to 100 mL in a volumetric flask.

3) In a flask, mix 5.0 mL Solution I and 5.0 mL Solution Il. Let stand for 24 h at 25 + 3°C.
This results in a 4000-NTU suspension. Transfer stock suspension to an amber glass or other
UV-light-blocking bottle for storage. Make dilutions from this stock suspension. The stock
suspension is stable for up to 1 year when properly stored.

c. Dilute turbidity suspensions: Dilute 4000 NTU primary standard suspension with
high-quality dilution water. Prepare immediately before use and discard after use.

d. Secondary standards: Secondary standards are standards that the manufacturer (or an
independent testing organization) has certified will give instrument calibration results equivalent
(within certain limits) to the results obtained when the instrument is calibrated with the primary
standard, i.e., user-prepared formazin. VVarious secondary standards are available including:
commercial stock suspensions of 4000 NTU formazin, commercial suspensions of microspheres
of styrene-divinylbenzene copolymer,t#(18) and items supplied by instrument manufacturers,
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such as sealed sample cells filled with latex suspension or with metal oxide particles in a

polymer gel. The U.S. Environmental Protection Agency? designates user-prepared formazin,
commercial stock formazin suspensions, and commercial styrene-divinylbenzene suspensions as
“‘primary standards,’” and reserves the term “‘secondary standard’’ for the sealed standards
mentioned above.

Secondary standards made with suspensions of microspheres of styrene-divinylbenzene
copolymer typically are as stable as concentrated formazin and are much more stable than
diluted formazin. These suspensions can be instrument-specific; therefore, use only suspensions
formulated for the type of nephelometer being used. Secondary standards provided by the
instrument manufacturer (sometimes called “‘permanent’” standards) may be necessary to
standardize some instruments before each reading and in other instruments only as a calibration
check to determine when calibration with the primary standard is necessary.

All secondary standards, even so-called *‘permanent’’ standards, change with time. Replace
them when their age exceeds the shelf life. Deterioration can be detected by measuring the
turbidity of the standard after calibrating the instrument with a fresh formazin or microsphere
suspension. If there is any doubt about the integrity or turbidity value of any secondary standard,
check instrument calibration first with another secondary standard and then, if necessary, with
user-prepared formazin. Most secondary standards have been carefully prepared by their
manufacturer and should, if properly used, give good agreement with formazin. Prepare formazin
primary standard only as a last resort. Proper application of secondary standards is specific for
each make and model of nephelometer. Not all secondary standards have to be discarded when
comparison with a primary standard shows that their turbidity value has changed. In some cases,
the secondary standard should be simply relabeled with the new turbidity value. Always follow
the manufacturer’s directions.

4. Procedure

a. General measurement techniques: Proper measurement techniques are important in
minimizing the effects of instrument variables as well as stray light and air bubbles. Regardless
of the instrument used, the measurement will be more accurate, precise, and repeatable if close
attention is paid to proper measurement techniques.

Measure turbidity immediately to prevent temperature changes and particle flocculation and
sedimentation from changing sample characteristics. If flocculation is apparent, break up
aggregates by agitation. Avoid dilution whenever possible. Particles suspended in the original
sample may dissolve or otherwise change characteristics when the temperature changes or when
the sample is diluted.

Remove air or other entrained gases in the sample before measurement. Preferably degas
even if no bubbles are visible. Degas by applying a partial vacuum, adding a nonfoaming-type
surfactant, using an ultrasonic bath, or applying heat. In some cases, two or more of these
techniques may be combined for more effective bubble removal. For example, it may be
necessary to combine addition of a surfactant with use of an ultrasonic bath for some severe
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conditions. Any of these techniques, if misapplied, can alter sample turbidity; use with care. If
degassing cannot be applied, bubble formation will be minimized if the samples are maintained
at the temperature and pressure of the water before sampling.

Do not remove air bubbles by letting sample stand for a period of time because during
standing, turbidity-causing particulates may settle and sample temperature may change. Both of
these conditions alter sample turbidity, resulting in a nonrepresentative measurement.

Condensation may occur on the outside surface of a sample cell when a cold sample is being
measured in a warm, humid environment. This interferes with turbidity measurement. Remove
all moisture from the outside of the sample cell before placing the cell in the instrument. If
fogging recurs, let sample warm slightly by letting it stand at room temperature or by partially
immersing it in a warm water bath for a short time. Make sure samples are again well mixed.

b. Nephelometer calibration: Follow the manufacturer’s operating instructions. Run at least
one standard in each instrument range to be used. Make certain the nephelometer gives stable
readings in all sensitivity ranges used. Follow techniques outlined in s 2b and 4a for care and
handling of sample cells, degassing, and dealing with condensation.

c. Measurement of turbidity: Gently agitate sample. Wait until air bubbles disappear and
pour sample into cell. When possible, pour well-mixed sample into cell and immerse it in an
ultrasonic bath for 1 to 2 s or apply vacuum degassing, causing complete bubble release. Read
turbidity directly from instrument display.

d. Calibration of continuous turbidity monitors: Calibrate continuous turbidity monitors for
low turbidities by determining turbidity of the water flowing out of them, using a
laboratory-model nephelometer, or calibrate the instruments according to manufacturer’s
instructions with formazin primary standard or appropriate secondary standard.

5. Interpretation of Results
Report turbidity readings as follows:

Report to the

Turbidity Range Nearest
NTU NTU
0-1.0 0.05
1-10 0.1

10-40 1
40-100 5
100-400 10
400-1000 50
>1000 100

When comparing water treatment efficiencies, do not estimate turbidity more closely than
specified above. Uncertainties and discrepancies in turbidity measurements make it unlikely that
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results can be duplicated to greater precision than specified.

6. Reference
1. U.S.ENVIRONMENTAL PROTECTION AGENCY. 1993. Methods for Determination of
Inorganic Substances in Environmental Samples. EPA-600/R/93/100 - Draft.
Environmental Monitoring Systems Lab., Cincinnati, Ohio.

7. Bibliography

HACH, C.C., R.D. VANOUS & J.M. HEER. 1985. Understanding Turbidity Measurement. Hach Co.,
Technical Information Ser., Booklet 11, Loveland, Colo.

KATZ, E.L. 1986. The stability of turbidity in raw water and its relationship to chlorine demand.
J. Amer. Water Works Assoc. 78:72.

MCCOY, W.F. & B.H. OLSON. 1986. Relationship among turbidity, particle counts and
bacteriological quality within water distribution lines. Water Res. 20:1023.

BUCKLIN, K.E., G.A. MCFETERS & A. AMIRTHARAJAH. 1991. Penetration of coliform through
municipal drinking water filters. Water Res. 25: 1013.

HERNANDEZ, E., R.A. BAKER & P.C. CRANDALL. 1991. Model for evaluating turbidity in cloudy
beverages. J. Food Sci. 56:747.

HART, V.S, C.E. JOHNSON & R.D. LETTERMAN. 1992. An analysis of low-level turbidity
measurements. J. Amer. Water Works Assoc., 84(12): 40.

LECHEVALLIER, M.W. & W.D. NORTON. 1992. Examining relationship between particle counts
and Giardia, Cryptosporidium, and turbidity. J. Amer. Water Works Assoc. 84(12):54.

2150 ODOR*#(19)

2150 A. Introduction

1. Discussion

Odor, like taste, depends on contact of a stimulating substance with the appropriate human
receptor cell. The stimuli are chemical in nature and the term “‘chemical senses’” often is applied
to odor and taste. Water is a neutral medium, always present on or at the receptors that perceive
sensory response. In its pure form, water is odor-free. Man and other animals can avoid many
potentially toxic foods and waters because of adverse sensory response. These senses often
provide the first warning of potential hazards in the environment.

Odor is recognized? as a quality factor affecting acceptability of drinking water (and foods
prepared with it), tainting of fish and other aquatic organisms, and esthetics of recreational
waters. Most organic and some inorganic chemicals contribute taste or odor. These chemicals
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may originate from municipal and industrial waste discharges, from natural sources such as
decomposition of vegetable matter, or from associated microbial activity, and from disinfectants
or their products.

The potential for impairment of the sensory quality of water has increased as a result of
expansion in the variety and quantity of waste materials, demand for water disposal of captured
air pollutants, and increased reuse of available water supplies by a growing population. Domestic
consumers and process industries such as food, beverage, and pharmaceutical manufacturers
require water essentially free of tastes and odors.

Some substances, such as certain inorganic salts, produce taste without odor and are
evaluated by taste testing (Section 2160). Many other sensations ascribed to the sense of taste
actually are odors, even though the sensation is not noticed until the material is taken into the
mouth. Because some odorous materials are detectable when present in only a few nanograms
per liter, it is usually impractical and often impossible to isolate and identify the odor-producing
chemical. The human nose is the practical odor-testing device used in this method. Odor tests are
performed to provide qualitative descriptions and approximate quantitative measurements of
odor intensity. The method for intensity measurement presented here is the threshold odor test,
based on a method of limits.2 This procedure, while not universally preferred,3 has definite
strengths.*

Sensory tests are useful as a check on the quality of raw and finished water and for control of

odor through the treatment process.2:3° They can assess the effectiveness of different treatments
and provide a means of tracing the source of contamination.

Section 6040B provides an analytical procedure for quantifying several organic
odor-producing compounds including geosmin and methylisoborneol.
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2150 B. Threshold Odor Test

1. General Discussion

a. Principle: Determine the threshold odor by diluting a sample with odor-free water until
the least definitely perceptible odor is achieved. There is no absolute threshold odor
concentration, because of inherent variation in individual olfactory capability. A given person
varies in sensitivity over time. Day-to-day and within-day differences occur. Furthermore,
responses vary as a result of the characteristic, as well as concentration, of odorant. The number
of persons selected to measure threshold odor will depend on the objective of the tests,
economics, and available personnel. Larger-sized panels are needed for sensory testing when the
results must represent the population as a whole or when great precision is desired. Under such
circumstances, panels of no fewer than five persons, and preferably ten or more, are

recommended.! Measurement of threshold levels by one person is often a necessity at water
treatment plants. Interpretation of the single tester result requires knowledge of the relative
acuity of that person. Some investigators have used specific odorants, such as m-cresol or
n-butanol, to calibrate a tester’s response.2 Others have used the University of Pennsylvania
Smell Identification Test to assess an individual’s ability to identify odors correctly.3

b. Application: This threshold method is applicable to samples ranging from nearly odorless
natural waters to industrial wastes with threshold numbers in the thousands. There are no
intrinsic difficulties with the highly odorous samples because they are reduced in concentration
proportionately before being presented to the test observers.
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c. Qualitative descriptions: A fully acceptable system for characterizing odor has not been
developed despite efforts over more than a century. Nevertheless, Section 2170 (Flavor Profile
Analysis) specifies a set of 23 odor reference standards that may be used if qualitative
descriptions are important. These descriptors can be used with the Threshold Odor Test to
standardize methods for sensory analysis.

d. Sampling and storage: Collect samples for odor testing in glass bottles with glass or
TFE-lined closures. Complete tests as soon as possible after sample collection. If storage is
necessary, collect at least 500 mL of sample in a bottle filled to the top; refrigerate, making sure
that no extraneous odors can be drawn into the sample as it cools. Do not use plastic containers.

e. Dechlorination: Most tap waters and some wastewaters are chlorinated. Often it is
desirable to determine the odor of the chlorinated sample as well as that of the same sample after
dechlorination. Dechlorinate with thiosulfate in exact stoichiometric quantity as described under
Nitrogen (Ammonia), Section 4500-NH; .

f. Temperature: Threshold odor values vary with temperature. For most tap waters and raw
water sources, a sample temperature of 60°C will permit detection of odors that otherwise might
be missed; 60°C is the standard temperature for hot threshold odor tests. For some
purposes—because the odor is too fleeting or there is excessive heat sensation—the hot odor test
may not be applicable; where experience shows that a lower temperature is needed, use a
standard test temperature of 40°C. For special purposes, other temperatures may be used. Report
temperature at which observations are made.

2. Apparatus

To assure reliable threshold measurements, use odor-free glassware. Clean glassware shortly
before use with nonodorous soap and acid cleaning solution and rinse with odor-free water.
Reserve this glassware exclusively for threshold testing. Do not use rubber, cork, or plastic
stoppers. Do not use narrow-mouth vessels.

a. Sample bottles, glass-stoppered or with TFE-lined closures.

b. Constant-temperature bath: A water bath or electric hot plate capable of temperature
control of + 1°C for odor tests at elevated temperatures. The bath must not contribute any odor to
the odor flasks.

c. Odor flasks: Glass-stoppered, 500-mL (ST 32) erlenmeyer flasks, to hold sample dilutions
during testing.

d. Pipets:

1) Transfer and volumetric pipets or graduated cylinders: 200-, 100-, 50-, and 25-mL.

2) Measuring pipets: 10-mL, graduated in tenths.

e. Thermometer: Zero to 110°C, chemical or metal-stem dial type.

3. Odor-Free Water
a. Sources: Prepare odor-free water by passing distilled, deionized, or tap water through
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activated carbon. If product water is not odor-free, rebuild or purify the system. In all cases
verify quality of product water daily.

b. Odor-free-water generator (Figure 2150:1):*#(20) Make the PVC generator from a 2-ft
length of 4-in. PVC pipe approved for use for drinking water purposes (e.g., Schedule 80, or
National Water Council-approved in U.K.). Thread pipe end to accept threaded caps. Have a
small threaded nipple in the cap center for water inlet or outlet. To retain the activated carbon,
place coarse glass wool in top and bottom of generator. Regulate water flow to generator by a
needle valve and a pressure regulator to provide the minimum pressure for the desired flow. Use
activated carbon of approximately 12 to 40 mesh grain size.t#(21)

c. Generator operation: Pass tap or purified water through odor-free-water generator at rate
of 100 mL/min. When generator is started, flush to remove carbon fines and discard product, or
pre-rinse carbon.

Check quality of water obtained from the odor-free-water generator daily at 40 and 60°C
before use. The life of the carbon will vary with the condition and amount of water filtered.
Subtle odors of biological origin often are found if moist carbon filters stand idle between test
periods. Detection of odor in the water coming through the carbon indicates that a change of
carbon is needed.

4. Procedure

a. Precautions: Carefully select by preliminary tests the persons to make taste or odor tests.
Although extreme sensitivity is not required, exclude insensitive persons and concentrate on
observers who have a sincere interest in the test. Avoid extraneous odor stimuli such as those
caused by smoking and eating before the test or those contributed by scented soaps, perfumes,
and shaving lotions. Insure that the tester is free from colds or allergies that affect odor response.
Limit frequency of tests to a number below the fatigue level by frequent rests in an odor-free

atmosphere. Keep room in which tests are conducted free from distractions, drafts, and odor.2 If
necessary, set aside a special odor-free room ventilated by air that is filtered through activated

carbon and maintained at a constant comfortable temperature and humidity.*

For precise work use a panel of five or more testers. Do not allow persons making odor
measurements to prepare samples or to know dilution concentrations being evaluated.
Familiarize testers with the procedure before they participate in a panel test. Present most dilute
sample first to avoid tiring the senses with the concentrated sample. Keep temperature of
samples during testing within 1°C of the specified temperature.

Because many raw and waste waters are colored or have decided turbidity that may bias
results, use opaque or darkly colored odor flasks, such as red actinic erlenmeyer flasks.

b. Characterization: As part of the threshold test or as a separate test, direct each observer to
describe the characteristic sample odor using odor reference standards (see Section 2170).
Compile the consensus that may appear among testers and that affords a clue to the origin of the
odorous component. The value of the characterization test increases as observers become more
experienced with a particular category of odor, e.g., earthy, musty, chlorine.
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c. Threshold measurement:1#(22) The “‘threshold odor number,”” designated by the
abbreviation TON, is the greatest dilution of sample with odor-free water yielding a definitely
perceptible odor. Bring total volume of sample and odor-free water to 200 mL in each test.
Follow dilutions and record corresponding TON presented in Table 2150:1. These numbers have
been computed thus:

A+ B
TON =

where:
A = mL sample and
B = mL odor-free water.

1) Place proper volume of odor-free water in the flask first, add sample to water (avoiding
contact of pipet or sample with lip or neck of flask), mix by swirling, and proceed as follows:

Determine approximate range of the threshold number by adding 200 mL, 50 mL, 12 mL,
and 2.8 mL sample to separate 500-mL glass-stoppered erlenmeyer flasks containing odor-free
water to make a total volume of 200 mL. Use a separate flask containing only odor-free water as
reference for comparison. Heat dilutions and reference to desired test temperature.

2) Shake flask containing odor-free water, remove stopper, and sniff vapors. Test sample
containing least amount of odor-bearing water in the same way. If odor can be detected in this
dilution, prepare more dilute samples as described in { 5) below. If odor cannot be detected in
first dilution, repeat above procedure using sample containing next higher concentration of
odor-bearing water, and continue this process until odor is detected clearly.

3) Based on results obtained in the preliminary test, prepare a set of dilutions using Table
2150:11 as a guide. Prepare the five dilutions shown on the appropriate line and the three next
most concentrated on the next line in Table 2150:11. For example, if odor was first noted in the
flask containing 50 mL sample in the preliminary test, prepare flasks containing 50, 35, 25, 17,
12, 8.3, 5.7, and 4.0 mL sample, each diluted to 200 mL with odor-free water. This array is
necessary to challenge the range of sensitivities of the entire panel of testers.

Insert two or more blanks in the series near the expected threshold, but avoid any repeated
pattern. Do not let tester know which dilutions are odorous and which are blanks. Instruct tester
to smell each flask in sequence, beginning with the least concentrated sample, until odor is
detected with certainty.

4) Record observations by indicating whether odor is noted in each test flask. For example:

mL

Sample

Diluted to

200 mL 12 0 17 25 0 35 50
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mL

Sample

Diluted to

200 mL 12 0 17 25 0 35 50
Response - — - + — + -

5) If the sample being tested requires more dilution than is provided by Table 2150:11,
prepare an intermediate dilution consisting of 20 mL sample diluted to 200 L with odor-free
water. Use this dilution for the threshold determination. Multiply TON obtained by 10 to correct
for the intermediate dilution. In rare cases more than one tenfold intermediate dilution step may
be required.

5. Calculation

The threshold odor number is the dilution ratio at which odor is just detectable. In the
example above, 4c4), the first detectable odor occurred when 25 mL sample was diluted to 200
mL. Thus the threshold is 200 divided by 25, or 8. Table 2150:1 lists the threshold numbers
corresponding to common dilutions.

The smallest TON that can be observed is 1, as in the case where the odor flask contains 200
mL undiluted sample. If no odor is detected at this concentration, report ‘“No odor observed’’
instead of a threshold number. (In special applications, fractional threshold numbers have been

calculated.5)

Anomalous responses sometimes occur; a low concentration may be called positive and a
higher concentration in the series may be called negative. In such a case, designate the threshold
as the point after which no further anomalies occur. For instance:

Increasing Concentration —
Response — - + - + + + +

l
Threshold

where:

— signifies negative response and
+ signifies positive response.

Occasionally a flask contains residual odor or is contaminated inadvertently. For precise
testing repeat entire threshold odor test to determine if the last flask marked *“ — ** was actually
a mislabelled blank of odor-free water or if the previous *“ + *” was a contaminated sample.

Use appropriate statistical methods to calculate the most probable average threshold from
large numbers of panel results. For most purposes, express the threshold of a group as the
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geometric mean of individual thresholds.

6. Interpretation of Results

A threshold number is not a precise value. In the case of the single observer it represents a
judgment at the time of testing. Panel results are more meaningful because individual differences
have less influence on the result. One or two observers can develop useful data if comparison
with larger panels has been made to check their sensitivity. Do not make comparisons of data
from time to time or place to place unless all test conditions have been standardized carefully
and there is some basis for comparison of observed intensities.
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2160 TASTE*#(23)

2160 A. Introduction

1. General Discussion

Taste refers only to gustatory sensations called bitter, salty, sour, and sweet that result from
chemical stimulation of sensory nerve endings located in the papillae of the tongue and soft
palate. Flavor refers to a complex of gustatory, olfactory, and trigeminal sensations resulting
from chemical stimulation of sensory nerve endings located in the tongue, nasal cavity, and oral
cavity.1 Water samples taken into the mouth for sensory analysis always produce a flavor,
although taste, odor, or mouth-feel may predominate, depending on the chemical substances
present. Methods for sensory analysis presented herein require that the sample be taken into the
mouth, that is, be tasted, but technically the sensory analysis requires evaluation of the complex
sensation called flavor. As used here, taste refers to a method of sensory analysis in which
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samples are taken into the mouth but the resultant evaluations pertain to flavor.

Three methods have been developed for the sensory evaluation of water samples taken into
the mouth: the flavor threshold test (FTT), the flavor rating assessment (FRA), and the flavor
profile analysis (FPA) (Section 2170). The FTT is the oldest. It has been used extensively and is
particularly useful for determining if the overall flavor of a sample of finished water is
detectably different from a defined standard.2 The FRA is especially valuable for determining if
a sample of finished water is acceptable for daily consumption,3 and the FPA is most useful for
identifying and characterizing individual flavors in a water sample.

Make flavor tests only on samples known to be safe for ingestion. Do not use samples that
may be contaminated with bacteria, viruses, parasites, or hazardous chemicals, that contain
dechlorinating agents such as sodium arsenite or that are derived from an unesthetic source. Do
not make flavor tests on wastewaters or similar untreated effluents. Observe all sanitary and
esthetic precautions with regard to apparatus and containers contacting the sample. Properly
clean and sterilize containers before using them. Conduct analyses in a laboratory free from
interfering background odors and if possible provide non-odorous carbon-filtered air at constant
temperature and humidity. Use the procedure described in Section 2150 with respect to taste-
and odor-free water to prepare dilution water and reference samples.

2. References

1. GELDARD, F.A. 1972. The Human Senses. John Wiley & Sons, New York, N.Y.

2. BAKER, R.A. 1961. Taste and Odor in Water: A Critical Review. Manufacturing
Chemists’” Assoc., Washington, D.C.

3. BRUVOLD, W.H. 1968. Scales for rating the taste of water. J. Appl. Psychol. 52:245.

4. MALLEVIALE, J. & I.H. SUFFET, eds. 1987. The Identification and Treatment of Tastes
and Odors in Drinking Water. American Water Works Association Research
Foundation, Denver, Colo.

2160 B. Flavor Threshold Test (FTT)

1. General Discussion
Use the FTT to measure detectable flavor quantitatively. More precisely, use the method to
compare the sample flavor objectively with that of specified reference water used as diluent.

The flavor threshold number (FTN) is the greatest dilution of sample with reference water
yielding a definitely perceptible difference. The FTN is computed as follows:

A+ B

FIN =
A
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where:
A = sample volume, mL, and
B = reference water (diluent) volume, mL.

Table 2160:1 gives the FTNs corresponding to various dilutions.

2. Procedure

a. Panel selection: Carefully select by preliminary trials interested persons to make flavor
tests. Exclude insensitive persons and insure that the testers are free from colds or allergies.
Familiarize testers with the procedure before they participate in a panel test, but do not let them
prepare samples or know dilution concentrations being evaluated. For precise work use a panel
of five or more testers.

b. Taste characterization: Have each observer describe the characteristic sample flavor of
the most concentrated sample. Compile the consensus that may appear among testers. The value
of characterization increases as observers become more experienced with a particular flavor
category such as chlorophenolic, grassy, or musty.

c. Preliminary test: To determine approximate range of the FTN, add 200-, 50-, 12-, and
4-mL sample portions to volumes of reference water (see Section 2150) designated in Table
2160:1 in separate 300-mL glass beakers to make a total of 200 mL in each beaker, and mix
gently with clean stirrer. Use separate beaker containing only reference water for comparison.
Keep sample temperature during testing within 1°C of specified temperature. Present samples to
each taster in a uniform manner, with the reference water presented first, followed by the most
dilute sample. If a flavor can be detected in this dilution, prepare an intermediate sample by
diluting 20 mL sample to 200 mL with reference water. Use this dilution for threshold
determination and multiply FTN obtained by 10 to correct for intermediate dilution. In rare cases
a higher intermediate dilution may be required.

If no flavor is detected in the most dilute sample, repeat using the next concentration.
Continue this process until flavor is detected clearly.

d. FTN determination: Based on results obtained in the preliminary test, prepare a set of
dilutions using Table 2160:11 as a guide. Prepare the seven dilutions shown on the appropriate
line. This array is necessary to challenge the range of sensitivities of the entire panel of testers.
If the sample being tested requires more dilution than is provided by Table 2160:11, make
intermediate dilutions as directed in c above.

Use a clean 50-mL beaker filled to the 25-mL level or use an ordinary restaurant-style
drinking glass for each dilution and reference sample. Do not use glassware used in sensory
testing for other analyses. Between tests, sanitize containers in an automatic dishwasher
supplied with water at not less than 60°C.

Maintain samples at 15+ 1°C. However, if temperature of water in the distribution system is
higher than 15°C, select an appropriate temperature. Specify temperature in reporting results.

Present series of samples to each tester in order of increasing concentration. Pair each
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sample with a known reference. Have tester taste sample by taking into the mouth whatever
volume is comfortable, moving sample throughout the mouth, holding it for several seconds,
and discharging it without swallowing. Have tester compare sample with reference and record
whether a flavor or aftertaste is detectable. Insert two or more reference blanks in the series
near the expected threshold, but avoid any repeated pattern. Do not let tester know which
samples have flavor and which are blanks. Instruct tester to taste each sample in sequence,
beginning with the least concentrated sample, until flavor is detected with certainty.

Record observations by indicating whether flavor is noted in each test beaker. For example:

mL Sample
Diluted to
200 mL 6 8 12 0 17 25 3 0 50
Response - - — - — + + _ +

where:

— signifies negative response and
+ signifies positive response.

3. Calculation

The flavor threshold number is the dilution ratio at which flavor is just detectable. In the
example above, the first detectable flavor occurred when 25 mL sample was diluted to 200 mL
yielding a threshold number of 8 (Table 2160:1). Reference blanks do not influence calculation
of the threshold.

The smallest FTN that can be observed is 1, where the beaker contains 200 mL undiluted
sample. If no flavor is detected at this concentration, report *“No flavor observed’’ instead of a
threshold number.

Anomalous responses sometimes occur; a low concentration may be called positive and a
higher concentration in the series may be called negative. In such cases, designate the threshold
as that point after which no further anomalies occur. The following illustrates an approach to an
anomalous series (responses to reference blanks are excluded): Response:

Increasing Concentration —
Response - + - + + + +

l
Threshold

Calculate mean and standard deviation of all FTNs if the distribution is reasonably
symmetrical; otherwise, express the threshold of a group as the median or geometric mean of
individual thresholds.
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4. Interpretation of Results

An FTN is not a precise value. In the case of the single observer it represents a judgment at
the time of testing. Panel results are more meaningful because individual differences have less
influence on the test result. One or two observers can develop useful data if comparison with
larger panels has been made to check their sensitivity. Do not make comparisons of data from
time to time or place to place unless all test conditions have been standardized carefully and
there is some basis for comparison of observed FTNs.
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2160 C. Flavor Rating Assessment (FRA)

1. General Discussion

When the purpose of the test is to estimate acceptability for daily consumption, use the
flavor rating assessment described below. This procedure has been used with samples from
public sources in laboratory research and consumer surveys to recommend standards governing
mineral content in drinking water. Each tester is presented with a list of nine statements about
the water ranging on a scale from very favorable to very unfavorable. The tester’s task is to
select the statement that best expresses his or her opinion. The individual rating is the scale
number of the statement selected. The panel rating for a particular sample is an appropriate
measure of central tendency of the scale numbers for all testers for that sample.

2. Samples

Sample finished water ready for human consumption or use experimentally treated water if
the sanitary requirements given in Section 2160A.1 are met fully. Use taste- and odor-free water
as described in Section 2150 and a solution of 2000 mg NaCl/L prepared with taste- and
odor-free water as criterion samples.

3. Procedure

a. Panel selection and preparation: Give prospective testers thorough instructions and trial
or orientation sessions followed by questions and discussion of procedures. In tasting samples,
testers work alone. Select panel members on the basis of performance in these trial sessions. Do
not let testers know the composition or source of specific samples.

b. Rating test: A single rating session may be used to evaluate up to 10 samples, including
the criterion samples mentioned in 2 above. Allow at least 30 min rest between repeated rating
sessions.

For glassware requirements, see Section 2160B2d.

Present samples at a temperature that the testers will find pleasant for drinking water;
maintain this temperature throughout testing. A temperature of 15°C is recommended, but in any
case, do not let the test temperature exceed tap water temperatures customary at the time of the
test. Specify test temperature in reporting results.

Independently randomize sample order for each tester. Instruct each to complete the
following steps: 1) Taste about half the sample by taking water into the mouth, holding it for
several seconds, and discharging it without swallowing; 2) Form an initial judgment on the
rating scale; 3) Make a second tasting in a similar manner; 4) Make a final rating and record
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result on an appropriate data form; 5) Rinse mouth with reference water; 6) Rest 1 min before
repeating Steps 1 through 5 on next sample.

c. Characterization: If characterization of flavor also is required, conduct a final rating
session wherein each tester is asked to describe the flavor of each sample rated (see Section
2160B.2b).

4. Calculation

Use the following scale for rating. Record ratings as integers ranging from one to nine, with
one given the highest quality rating. Calculate mean and standard deviation of all ratings if the
distribution is reasonably symmetrical, otherwise express the most typical rating of a group as
the median or geometric mean of individual ratings.

Action tendency scale:

1) I'would be very happy to accept this water as my everyday drinking water.
2) 1 would be happy to accept this water as my everyday drinking water.

3) 1am sure that I could accept this water as my everyday drinking water.

4) 1 could accept this water as my everyday drinking water.

5) Maybe I could accept this water as my everyday drinking water.

6) | don’tthink I could accept this water as my everyday drinking water.

7) 1 could not accept this water as my everyday drinking water.

8) I could never drink this water.

9) I can’t stand this water in my mouth and | could never drink it.

5. Interpretation of Results
Values representing the central tendency and dispersion of quality ratings for a laboratory
panel are only estimates of these values for a defined consuming population.
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2170 FLAVOR PROFILE ANALYSIS*#(24)

2170 A. Introduction

1. Discussion

Flavor profile analysis (FPA) is a technique for identifying sample taste(s) and odor(s). For
general information on taste see Section 2160; for information on odor see Section 2150.

FPA differs from threshold odor number because the sample is not diluted and each taste or
odor attribute is individually characterized and assigned its own intensity rating. The single
numerical rating obtained in measuring threshold odor is controlled by the most readily
perceived odorant or mixture. Sample dilution may change the odor attribute that is measured.1.2
FPA determines the strength or intensity of each perceived taste or odor without dilution or
treatment of the sample.

2. References
1. MALLEVIALLE,J. & I.H. SUFFET, eds. 1987. Identification and Treatment of Tastes and
Odors in Drinking Water. American Water Works Assoc., Denver, Colo.
2. BRUCHET, A, D. KHIARI & I. SUFFET. 1995. Monitoring and analysis. In I. Suffet, J.
Mallevialle & E. Kawczynski, eds. Advances in Taste and Odor Treatment and
Control. American Water Works Assoc. Research Foundation & Lyonnaise des Eaux,

© Copyright 1999 by American Public Health Association, American Water Works Association, Water Environment Federation



Standard Methods for the Examination of Water and Wastewater

Denver, Colo.

2170 B. Flavor Profile Analysis

1. General Discussion

a. Principle: Flavor profile analysis uses a group of four or five trained panelists to examine
the sensory characteristics of samples. Flavor attributes are determined by tasting; odor attributes
(aroma) are determined by sniffing the sample. The method allows more than one flavor, odor
attribute, or feeling factor (e.g., drying, burning) to be determined per sample and each
attribute’s strength to be measured.

Panelists must be able to detect and recognize various odors present. Flavor profile analysis
requires well-trained panelists and data interpreters. Reproducibility of results depends on the
training and experience of the panelists.

Initially, panelists record their perceptions without discussion. Once each individual has
made an independent assessment of a sample, the panel discusses its findings and reaches a
consensus.!

b. Interference: Fatigue (adaptation) denotes the decrease in the analyst’s sensory acuity
with continued exposure to stimulation.! Because odor mixtures are more complex than taste
mixtures, olfactory adaptation is more serious.2 Factors that can induce fatigue include odor
intensity, type of odorants (some compounds such as geosmin and chlorine induce more fatigue
than others), number of samples tested during a session, and rest interval between samples. The
rest interval also is important because it prevents carryover of odors between samples.

Background odors present during analysis affect results. Analyst illness, i.e., cold or allergy,
can diminish or otherwise alter perception.

c. Application: Flavor profile analysis has been applied to drinking water sources, finished
drinking water, sampling points within the drinking water treatment train, and bottled waters,
and for investigating customer complaints.

d. Precautions: Some compounds are health hazards when inhaled or ingested. Do not use
this method for industrial wastes or other samples suspected of containing high concentrations of
hazardous compounds. Chemically analyze suspect samples to determine whether hazardous
chemicals are present before making flavor profile analysis. Do not taste untreated drinking
water unless it is certain that no health threat (biological or chemical) exists.

Because flavor profile analysis includes discussion during which panelists reach consensus
description, avoid including on the panel a person with a dominating personality.2 The opinions
of a senior member or panel leader also may have this undesired effect.3

2. Apparatus?8
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Reserve apparatus and glassware exclusively for flavor profile analysis. Prepare sample
bottles by washing bottle and cap with detergent. Rinse 10 times with hot water. Optionally rinse
with HCI (1:1). Rinse with odor-free water (see 2150B.3) at least three times. If there is residual
odor, such as chalky, repeat cleaning.

Prepare 500-mL erlenmeyer flasks by either of the two methods described below provided
that it imparts no odor to the sample. Make tests with freshly cleaned containers.

1) Without wearing rubber gloves wash flask with soapy water. Additionally, scrub outside
of flask with scouring pad to remove body oils. Rinse 10 times with hot water and 3 times with
odor-free water. To store flask add 100 to 200 mL odor-free water and stopper. Before use, rinse
with 100 mL odor-free water. If there is residual odor, repeat cleaning.

2) Do not handle with rubber gloves. Before use, heat 200 mL odor-free water to boiling;
lightly lay stopper over flask opening, permitting water vapor to escape. Discard boiled water
and let flask cool to room temperature. If there is residual odor repeat or use cleaning alternative
1). After analyzing a sample, discard sample, rinse 10 times with hot tap water, add 200 mL
odor-free water, stopper, and store.

For flasks with persistent odor use commercial cleaning mixture*#(25) or HCI (1:1).

a. Sample bottles: Glass, 1-L, with TFE-lined closure.

b. Containers for odor analysis:# Select container for odor analysis depending on panelists’
preference, temperature of sample, and availability of container.

1) Panel preference#8—Plastic cups, 7- or 8-ounce disposable, are convenient. Some panels
have found that these plastic cups impart a plastic and/or floral aroma to samples. They prefer
500-mL erlenmeyer flasks with ST32 ground-glass stoppers. The panel should determine the
acceptable, odor-free, test container.

2) Temperature*—If aroma samples are tested at 45°C, do not use plastic. If aroma samples
are tested at 25°C, use the same plastic cup and sample for both aroma and flavor analysis.

3) Auvailability*—Containers must be consistently available because the panel responses
may change when different containers are used.

c. Containers for flavor analysis:# Use either plastic disposable, e.g., polyethylene, t#(26) or
glass containers. Do not use wax-lined or paper cups. If using glass containers verify that they
contribute no taste to the sample. Wash glass containers as directed above.

d. Watch glasses.

e. Constant-temperature water bath capable of maintaining a temperature £ 1°C. The bath
must not contribute any odor to the odor flasks or testing room.

f. Thermometer, graduated 0 to 110°C, chemical or metal-stem dial type.

g. Syringes.

h. Ice chest.

i. Odor-free testing room:3® Hold flavor profile analysis sessions in a clean, well-lit quiet,
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aroma-free, and temperature-controlled room. Seat panel members around a common table to
facilitate exchange of responses during discussion. Place a blackboard or easel pad in the room
so that all panelists are able to see it. Preferably use an easel pad with odor-free markers (such as
a wax, china marker).

j. Refrigerator capable of maintaining a temperature of 4°C.

3. Reagents
a. Odor-free water: See Section 2150B.3.

b. Crackers: Use salt- and flavor-free crackers#(27) to cleanse the palate during taste
testing. Before tasting anything, use the crackers and taste-free water to cleanse the palate. Use
crackers between samples to reduce carryover of perceptions.

c¢. Odor and flavor standards: Odor and flavor reference standards are being developed for
use as a guide for qualitative descriptions (attributes). Aroma reference standards help panelists
come to agreement on the description of specific aromas.4-11 Table 2170:1, Table 2170:11, and
Table 2170:111 list some of the aroma references in use. New references are being added
continually. A taste and odor wheel has been developed from these lists.2 For odor identification
and training, place several drops of stock solutions (producing moderately strong odors) onto
sterile cotton in 25-mL amber-colored vials with TFE-lined caps. Standards can be stored until
odor changes.

d. Taste standards: Chemicals used for taste standards are sucrose (sweet), citric acid (sour),
sodium chloride (salt), and caffeine (bitter). Table 2170:1V lists the chemicals used and their

concentrations for basic taste standards at ““slight,”” “‘moderate,”” and ““strong’” levels.#® The
taste standards provide reference points for both taste and odor intensity ratings. The panelists
compare the intensity of what they are smelling or tasting to the intensity of the standards they
have tasted. Make taste standards available during panel training. Because the tastes from all but
the sweet standard tend to overpower any subsequent tasting, use only the sweet taste standard
during actual sample analysis. If the panel meets as seldom as once a week, make sweet
standards available so that panelists can “‘recalibrate’” themselves. Panels that meet more than

once a week may not need to “‘recalibrate.”” Make standards fresh each time they are used.*

4. Scale
The strength of a taste or odor is judged according to the following scale:

—  (odor-free)
(threshold)
(very weak)
(weak)

o o s~ -

(moderate)
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10
12 (strong)

5. Procedure

a. Sample collection: Collect sample in cleaned container. When sampling from a tap,
remove all screens and aerators, minimize turbulence. Flush tap at least 5 min. Reduce flow rate
during sampling. Rinse bottle with sample, then fill it to the top, with no headspace. Chill or
refrigerate sample immediately and analyze as soon after collection as possible, preferably
within 24 h, but no longer than 48 h.

b. Sample preparation:# Pour samples into properly prepared glassware or acceptable
disposable containers. Analyze samples at the same temperature. Adjust sample temperatures by
placing samples in a water bath 15 min before analysis. Prepare a sample for each panelist.
Examine odor samples before flavor samples.

1) Odor analysis—When using 500-mL erlenmeyer flasks for odor analysis, place 200 mL
sample in the flask. Make transfer carefully to avoid loss of volatile components. When plastic
cups are used, place 60 mL sample in cup and cover it with a watch glass.

2) Taste analysis—Bring sample to 25°C before pouring into containers for tasting. Cover
with a watch glass if samples are not tasted immediately. If samples are tested at 25°C for odor,
use the same sample for flavor analysis.

c. Panelists: Carefully screen and train panelists.8

d. Pre-test considerations: Notify panelists well in advance of panel session so a substitute
can be found if necessary. Panelists who have colds or allergic attacks the day of the panel are
unacceptable; they should ask the panel coordinator to find a substitute. Panelists must not
smoke or eat for 15 to 30 min before the session. Wearing cologne or perfume or washing hands
with scented soap before the session is not permitted.

e. Sample analysis: The panel consists of four or five members. If fewer than four panelists
are available, store the sample until a full panel can meet.

1) Odor analysis—Heat samples to proper temperature. If erlenmeyer flasks are used,
sample temperature is 45°C. If plastic cups are used, sample temperature is 25°C. Give each
panelist his/her own sample. If a flask is used, hold it with one hand on the bottom and the other
on the stopper. Do not touch flask neck. Gently swirl (do not shake) flask in a circular manner to
ensure that volatile compounds are released into the headspace. Bring flask close to nose,
remove stopper, and sniff at the flask opening. Record impressions of odor attributes in the order
perceived and the assessment of each attribute’s intensity. If a cup is used, gently swirl on the
table top for a few seconds. Remove watchglass, and keeping hands away from the cup, sniff
sample and record perceptions. CAUTION: Sniff samples only if they are known to be
toxicologically safe. For both the flask and the plastic cup method, smell all samples before
going on to the taste test. Do not discuss or interact with other panelists.

2) Taste analysis—When tasting, take sample into the mouth and roll it over the entire
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surface of the tongue. Slurping enhances the odor aspect of flavor. CAUTION: Taste only samples
known to be biologically and toxicologically safe. Do not discuss or interact with other panelists.

3) Intensity—In both taste and odor analysis, each panelist determines intensity ratings by
matching intensity of the flavor or aroma perceived with the defined intensities of the basic taste
standards. Initially this may be difficult. Some panels have found it helpful to make basic taste
standards available throughout the analysis so that any panelist who wishes to “‘recalibrate’” may
do so.

4) Re-examination of samples—First impressions are most important, particularly for
intensity. The intensity rating may diminish upon re-examination because of fatigue and
volatility of the odorant. However, if an aroma or flavor is difficult for a panelist to describe, the
panelist may go back and re-evaluate the sample before recording the results.

5) Individual results—As soon as a sample is tasted or smelled, record individual results.
Information recorded includes a description of aromas or flavors perceived, their intensity, and
the order in which they were perceived.

6) Rest interval—Sniff odor-free water and rest at least 2 min between samples. Fatigue is a

problem? that can be dealt with. When samples are expected to cause fatigue, the panel leader
can increase the rest interval and limit the number of samples presented. The leader also may try
to arrange samples such that samples known to be fatiguing are placed near the end of the sample
row. Avoid juxtaposition of such samples. Also, use taste- and odor-free blanks between
samples. Five to six samples per session is the maximum.

7) Discussion—When all panelists have had an opportunity to examine the sample, hold a
discussion period. Each panelist’s impression of the sample is stated and the panel leader records
it to be seen by everyone. By examining the order of appearance, intensity, and description, the
panel leader attempts to group responses together, soliciting comments from the panel members
as to whether or not they agree. Sometimes panelists detect an aroma that they cannot describe;
in the discussion they may see what another panelist called it and decide to agree with that
description. With inexperienced panels, several different descriptors may be used for the same
aroma. As the panel gains more experience, these differences tend to be reconciled. It is the
responsibility of the panel leader to ensure that the panelists are provided with standards that
duplicate the sample aromas. Descriptions that fewer than 50% of the panelists use are called
“‘other notes’” and are listed separately or are not included in the group results.

8) Recording panel results—Record the following: sample description; time of sampling;
identity of panel member; flavor, aroma, and feeling factor descriptions; intensity rating; order of
perception; range and average for each descriptor.

6. Calculation and Interpretation?
In early testing intensity was used to describe the strength of an odor in an ordinal scale from

slight to strong.12 If an odor was recognized, then it had an intensity. The rating scale has been
modified to use numbers corresponding to the ordinal categories. Points (other than threshold) on
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the scale can be anchored by the use of taste standards. Thus a certain concentration of a taste
standard is defined as a certain point on the rating scale and numerical ratings for nonthreshold
intensities are anchored. Threshold ratings are not defined by any standards. Their meaning is
different from that of the other ratings and they are difficult to manipulate mathematically.

Calculate averages if at least 50% of the panelists agree on a given description. If a panelist
does not give that description, assign an intensity value of zero. For example:

Intensity
Description Panelist I I 1 IV Average
Musty 2 4 0 2 20
Chlorinous 2 4 4 4 35

7. Quality Control12

Use odor-free samples and duplicates occasionally. The odor-free sample serves to detect
guessing. Duplicates check reproducibility. A standard concentration of an odor reference
standard in odor-free water also can be used to check odor recognition and reproducibility of the
intensity scale.

Use counterbalancing of samples so that each panelist receives the samples in a different
order. This prevents error due to order effects such as fatigue, carryover, and expectation.

8. Precision and Bias

Initial studies of precision and bias have been completed.12.13 An odor recognition and
reproducibility study by untrained panelists has rated some of the odors of Table 2170:1, Table
2170:11, and Table 2170:111 as poor, fair, good, or excellent.13
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2310 ACIDITY*#(28)

2310 A. Introduction

Acidity of a water is its quantitative capacity to react with a strong base to a designated pH.
The measured value may vary significantly with the end-point pH used in the determination.
Acidity is a measure of an aggregate property of water and can be interpreted in terms of specific
substances only when the chemcical composition of the sample is known. Strong mineral acids,
weak acids such as carbonic and acetic, and hydrolyzing salts such as iron or aluminum sulfates
may contribute to the measured acidity according to the method of determination.

Acids contribute to corrosiveness and influence chemical reaction rates, chemical speciation,
and biological processes. The measurement also reflects a change in the quality of the source
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water.
2310 B. Titration Method

1. General Discussion

a. Principle: Hydrogen ions present in a sample as a result of dissociation or hydrolysis of
solutes react with additions of standard alkali. Acidity thus depends on the end-point pH or
indicator used. The construction of a titration curve by recording sample pH after successive
small measured additions of titrant permits identification of inflection points and buffering
capacity, if any, and allows the acidity to be determined with respect to any pH of interest.

In the titration of a single acidic species, as in the standardization of reagents, the most
accurate end point is obtained from the inflection point of a titration curve. The inflection point
is the pH at which curvature changes from convex to concave or vice versa.

Because accurate identification of inflection points may be difficult or impossible in buffered
or complex mixtures, the titration in such cases is carried to an arbitrary end-point pH based on
practical considerations. For routine control titrations or rapid preliminary estimates of acidity,
the color change of an indicator may be used for the end point. Samples of industrial wastes, acid
mine drainage, or other solutions that contain appreciable amounts of hydrolyzable metal ions
such as iron, aluminum, or manganese are treated with hydrogen peroxide to ensure oxidation of
any reduced forms of polyvalent cations, and boiled to hasten hydrolysis. Acidity results may be
highly variable if this procedure is not followed exactly.

b. End points: Ideally the end point of the acidity titration should correspond to the
stoichiometric equivalence point for neutralization of acids present. The pH at the equivalence
point will depend on the sample, the choice among multiple inflection points, and the intended
use of the data.

Dissolved carbon dioxide (CO,) usually is the major acidic component of unpolluted surface

waters; handle samples from such sources carefully to minimize the loss of dissolved gases. In a
sample containing only carbon dioxide-bicarbonates-carbonates, titration to pH 8.3 at 25°C
corresponds to stoichiometric neutralization of carbonic acid to bicarbonate. Because the color
change of phenolphthalein indicator is close to pH 8.3, this value generally is accepted as a
standard end point for titration of total acidity, including CO, and most weak acids. Metacresol
purple also has an end point at pH 8.3 and gives a sharper color change.

For more complex mixtures or buffered solutions selection of an inflection point may be
subjective. Consequently, use fixed end points of pH 3.7 and pH 8.3 for standard acidity
determinations via a potentiometric titration in wastewaters and natural waters where the simple
carbonate equilibria discussed above cannot be assumed. Bromphenol blue has a sharp color
change at its end point of 3.7. The resulting titrations are identified, traditionally, as ‘‘methyl
orange acidity’” (pH 3.7) and *“phenolphthalein’’ or total acidity (pH 8.3) regardless of the
actual method of measurement.
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c. Interferences: Dissolved gases contributing to acidity or alkalinity, such as CO,, hydrogen

sulfide, or ammonia, may be lost or gained during sampling, storage, or titration. Minimize such
effects by titrating to the end point promptly after opening sample container, avoiding vigorous
shaking or mixing, protecting sample from the atmosphere during titration, and letting sample
become no warmer than it was at collection.

In the potentiometric titration, oily matter, suspended solids, precipitates, or other waste
matter may coat the glass electrode and cause a sluggish response. Difficulty from this source is
likely to be revealed in an erratic titration curve. Do not remove interferences from sample
because they may contribute to its acidity. Briefly pause between titrant additions to let electrode
come to equilibrium or clean the electrodes occasionally.

In samples containing oxidizable or hydrolyzable ions such as ferrous or ferric iron,
aluminum, and manganese, the reaction rates at room temperature may be slow enough to cause
drifting end points.

Do not use indicator titrations with colored or turbid samples that may obscure the color
change at the end point. Residual free available chlorine in the sample may bleach the indicator.
Eliminate this source of interference by adding 1 drop of 0.1M sodium thiosulfate (Na,S,0,).

d. Selection of procedure: Determine sample acidity from the volume of standard alkali
required to titrate a portion to a pH of 8.3 (phenolphthalein acidity) or pH 3.7 (methyl orange
acidity of wastewaters and grossly polluted waters). Titrate at room temperature using a properly
calibrated pH meter, electrically operated titrator, or color indicators.

Use the hot peroxide procedure (Y 4a) to pretreat samples known or suspected to contain
hydrolyzable metal ions or reduced forms of polyvalent cation, such as iron pickle liquors, acid
mine drainage, and other industrial wastes.

Color indicators may be used for routine and control titrations in the absence of interfering
color and turbidity and for preliminary titrations to select sample size and strength of titrant (Y
4b).

e. Sample size: The range of acidities found in wastewaters is so large that a single sample
size and normality of base used as titrant cannot be specified. Use a sufficiently large volume of
titrant (20 mL or more from a 50-mL buret) to obtain relatively good volumetric precision while
keeping sample volume sufficiently small to permit sharp end points. For samples having
acidities less than about 1000 mg as calcium carbonate (CaCO;)/L, select a volume with less

than 50 mg CaCO4 equivalent acidity and titrate with 0.02N sodium hydroxide (NaOH). For
acidities greater than about 1000 mg as CaCO4/L, use a portion containing acidity equivalent to
less than 250 mg CaCO4 and titrate with 0.1N NaOH. If necessary, make a preliminary titration
to determine optimum sample size and/or normality of titrant.

f. Sampling and storage: Collect samples in polyethylene or borosilicate glass bottles and
store at a low temperature. Fill bottles completely and cap tightly. Because waste samples may
be subject to microbial action and to loss or gain of CO, or other gases when exposed to air,
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analyze samples without delay, preferably within 1 d. If biological activity is suspected analyze
within 6 h. Avoid sample agitation and prolonged exposure to air.

2. Apparatus

a. Electrometric titrator: Use any commercial pH meter or electrically operated titrator that
uses a glass electrode and can be read to 0.05 pH unit. Standardize and calibrate according to the
manufacturer’s instructions. Pay special attention to temperature compensation and electrode
care. If automatic temperature compensation is not provided, titrate at 25 + 5°C.

b. Titration vessel: The size and form will depend on the electrodes and the sample size.
Keep the free space above the sample as small as practicable, but allow room for titrant and full
immersion of the indicating portions of electrodes. For conventional-sized electrodes, use a
200-mL, tall-form Berzelius beaker without a spout. Fit beaker with a stopper having three holes,
to accommodate the two electrodes and the buret. With a miniature combination glass-reference
electrode use a 125-mL or 250-mL erlenmeyer flask with a two-hole stopper.

c. Magnetic stirrer.

d. Pipets, volumetric.

e. Flasks, volumetric, 1000-, 200-, 100-mL.
f. Burets, borosilicate glass, 50-, 25-, 10-mL.
g. Polyolefin bottle, 1-L.

3. Reagents

a. Carbon dioxide-free water: Prepare all stock and standard solutions and dilution water for
the standardization procedure with distilled or deionized water that has been freshly boiled for
15 min and cooled to room temperature. The final pH of the water should be > 6.0 and its
conductivity should be <2 umhos/cm.

b. Potassium hydrogen phthalate solution, approximately 0.05N: Crush 15 to 20 g primary
standard KHCgH,O, to about 100 mesh and dry at 120°C for 2 h. Cool in a desiccator. Weigh

10.0 £ 0.5 g (to the nearest mg), transfer to a 1-L volumetric flask, and dilute to 1000 mL.

c. Standard sodium hydroxide titrant, 0.1N: Prepare solution approximately 0.1N as
indicated under Preparation of Desk Reagents (see inside front cover). Standardize by titrating
40.00 mL KHCgH,O, solution (1 3b), using a 25-mL buret. Titrate to the inflection point (1 1a),

which should be close to pH 8.7. Calculate normality of NaOH:

A X B

Normal it}" = m

where:
A = g KHCgH,O, weighed into 1-L flask,
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B = mL KHCgH,O, solution taken for titration, and
C = mL NaOH solution used.

Use the measured normality in further calculations or adjust to 0.1000N; 1 mL =5.00 mg
CaCO,.

d. Standard sodium hydroxide titrant, 0.02N: Dilute 200 mL 0.1N NaOH to 1000 mL and
store in a polyolefin bottle protected from atmospheric CO, by a soda lime tube or tight cap.
Standardize against KHCgH,O, as directed in { 3c, using 15.00 mL KHCgH,O, solution and a
50-mL buret. Calculate normality as above ( 3c); 1 mL = 1.00 mg CaCO,.

e. Hydrogen peroxide, H,0,, 30%.

f. Bromphenol blue indicator solution, pH 3.7 indicator: Dissolve 100 mg bromphenol blue,
sodium salt, in 100 mL water.

g. Metacresol purple indicator solution, pH 8.3 indicator: Dissolve 100 mg metacresol
purple in 100 mL water.

h. Phenolphthalein indicator solution, alcoholic, pH 8.3 indicator.

I. Sodium thiosulfate, 0.1M: Dissolve 25 g Na,S,05-5H,0 and dilute to 1000 mL with
distilled water.

4. Procedure

If sample is free from hydrolyzable metal ions and reduced forms of polyvalent cations,
proceed with analysis according to b, ¢, or d. If sample is known or suspected to contain such
substances, pretreat according to a.

a. Hot peroxide treatment: Pipet a suitable sample (see { 1e) into titration flasks. Measure
pH. If pH is above 4.0 add 5-mL increments of 0.02N sulfuric acid (H,SO,) (Section 2320B.3c)
to reduce pH to 4 or less. Remove electrodes. Add 5 drops 30% H,O, and boil for 2 to 5 min.
Cool to room temperature and titrate with standard alkali to pH 8.3 according to the procedure of
4d.

b. Color change: Select sample size and normality of titrant according to criteria of | le.
Adjust sample to room temperature, if necessary, and with a pipet discharge sample into an
erlenmeyer flask, while keeping pipet tip near flask bottom. If free residual chlorine is present
add 0.05 mL (1 drop) 0.1M Na,S,04 solution, or destroy with ultraviolet radiation. Add 0.2 mL

(5 drops) indicator solution and titrate over a white surface to a persistent color change
characteristic of the equivalence point. Commercial indicator solutions or solids designated for
the appropriate pH range (3.7 or 8.3) may be used. Check color at end point by adding the same
concentration of indicator used with sample to a buffer solution at the designated pH.

c. Potentiometric titration curve:

1) Rinse electrodes and titration vessel with distilled water and drain. Select sample size and
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