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Preface

In the early 1980s, the National Research Council (NRC) produced two major
reports on laboratory safety and laboratory waste disposal: Prudent Practices for
Handling Hazardous Chemicals in Laboratories (1981) and Prudent Practices for Disposal
of Chemicals from Laboratories (1983). In 1995, the NRC’s Board on Chemical Sciences
and Technology updated, combined, and revised the earlier studies in producing
Prudent Practices in the Laboratory: Handling and Disposal of Chemicals. More than 10
years later, the Board on Chemical Sciences and Technology initiated an update
and revision of the 1995 edition of Prudent Practices.

In 2007, the Department of Energy, the National Science Foundation, and the
National Institutes of Health, with additional support from the American Chemi-
cal Society, Eastman Kodak Company, E. I. du Pont de Nemours and Company,
Howard Hughes Medical Institute, Air Products and Chemicals, Inc., and PPG
Industries, commissioned a study by NRC to “review and update the 1995 publi-
cation, Prudent Practices in the Laboratory: Handling and Disposal of Chemicals.” The
Committee on Prudent Practices in the Laboratory: An Update was charged to

e review and update the 1995 publication, Prudent Practices in the Laboratory:
Handling and Disposal of Chemicals;

e modify the existing content and add content as required to reflect new fields
and developments that have occurred since the previous publication;

e emphasize the concept of a “culture of safety” and how that culture can be
established and nurtured,;

e consider laboratory operations and the adverse impacts those operations
might have on the surrounding environment and community.

The Committee on Prudent Practices in the Laboratory: An Update was estab-
lished in June 2008. The first meeting was held in August 2008, and two subsequent
meetings were held, one in October 2008 and the other in February 2009. All meet-
ings were held in Washington, D.C.

The original motivation for drafting Prudent Practices 1981 and Prudent Practices
1983 was to provide an authoritative reference on the handling and disposal of
chemicals at the laboratory level. These volumes not only served as a guide to
laboratory workers, but also offered prudent guidelines for the development of
regulatory policy by government agencies concerned with safety in the workplace
and protection of the environment.

Pertinent health-related parts of Prudent Practices 1981 are incorporated in a non-
mandatory section of the Occupational Safety and Health Administration (OSHA)
Laboratory Standard (29 CFR § 1910.1450, “Occupational Exposure to Hazardous
Chemicals in Laboratories,” reprinted in this edition as Appendix A). OSHA's
purpose was to provide guidance for developing and implementing its required
Chemical Hygiene Plan. Since their original publication in the early 1980s, these
reports have been distributed widely both nationally and internationally. In 1992,
the International Union of Pure and Applied Chemistry and the World Health
Organization published Chemical Safety Matters, a document based on Prudent
Practices 1981 and Prudent Practices 1983, for wide international use.

The next volume (Prudent Practices 1995) responded to societal and technical
developments that were driving significant change in the laboratory culture and
laboratory operations relative to safety, health, and environmental protection.

vii
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The major drivers for this new culture of laboratory safety included an increase in
regulations regarding laboratory practice, technical advances in hazard and risk
evaluation, and an improvement in the understanding of the elements necessary
for an effective culture of safety.

Building on this history, the updated (2011) edition of Prudent Practices in the
Laboratory also considers technical, regulatory, and societal changes that have
occurred since the last publication. As a reflection of some of those changes, it
provides information on new topics, including

emergency planning,

laboratory security,

handling of nanomaterials, and

an expanded discussion of environment, health, and safety management
systems.

Throughout the development of this book, the committee engaged in discussions
with subject matter experts and industrial and academic researchers and teachers.
The goal of these discussions was to determine what the various constituencies
considered to be prudent practices for laboratory operations.

Public support for the laboratory use of chemicals depends on compliance with
regulatory laws, respect by organizations and individuals of the concerns of the
public, and the open acknowledgment and management of the risks to personnel
who work in laboratory environments. Addressing these issues is the joint respon-
sibility of everyone who handles or makes decisions about chemicals, from ship-
ping and receiving clerks to laboratory personnel and managers, environmental
health and safety staff, and institutional administrators.

The writers of the preface to the 1995 edition stated that, “This shared responsi-
bility is now a fact of laboratory work as inexorable as the properties of the chemi-
cals that are being handled,” and we restate that sentiment here. Organizations and
institutions must create environments where safe laboratory practice is standard
practice. Each individual influences the “culture of safety” in the laboratory. All
of us should recognize that the safety of each of us depends on teamwork and
personal responsibility as well as the knowledge of chemistry. Faculty, research
advisors, and teachers should note that a vital component of chemical education
is teaching students how to identify the risks and hazards in a laboratory. Such
education serves scientists well in their ultimate careers in government, industry,
academe, and the health sciences.

The promotion of a “culture of safety” has come a long way since 1995; however,
in some ways, the “culture of chemistry” is still at odds with that of safety. Some
of us may have witnessed unsafe behavior or minor accidents, and yet, rather than
viewing these incidents with concern and as opportunities to modify practices and
behavior, we often have failed to act upon these “teachable moments.” Ironically,
however, we shudder when, even today, we hear of accidents—some fatal—that
might have been our near misses.

Rigorous practitioners argue that, in principle, all accidental injuries are prevent-
able if systems and attitudes are in place to prevent them. Even in these days of
technological advancements, tracking of near misses and adaptation of systems to
eradicate them is inconsistent across the enterprise. Within the research and teach-
ing communities, less rigorous practitioners seem to accept different safety toler-
ances for different environments. It is common during a discussion of laboratory
safety to hear the statement, “Industry is much stricter on safety than academia.
Things happen in academic research labs that would never be allowed where I
work.” This is often accompanied by a “when I was a student . . .” story. The path
to failure illustrated by this colloquy should be obvious and unacceptable. To fully

Copyright © National Academy of Sciences. All rights reserved.
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PREFACE

implement a culture of safety, even with improved technology, everyone who is
associated with the laboratory must be mindful of maintaining a safe environment.

Prudent Practices (1995) has been used worldwide and has served as a leading
reference book for laboratory practice. The committee hopes that this new edition
of the book will expand upon that tradition, and that this edition will assist the
readers to provide a safe and healthy laboratory environment in which to teach,
learn, and conduct research.

Copyright © National Academy of Sciences. All rights reserved.
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1.A INTRODUCTION

Over the past century, chemistry has increased our
understanding of the physical and biological world as
well as our ability to manipulate it. As a result, most
of the items we take for granted in modern life involve
synthetic or natural chemical processing.

We acquire that understanding, carry out those ma-
nipulations, and develop those items in the chemical
laboratory; consequently, we also must monitor and
control thousands of chemicals in routine use. Since
the age of alchemy, laboratory chemicals have demon-
strated dramatic and dangerous properties. Some are
insidious poisons.

During the “heroic age” of chemistry, martyrdom for
the sake of science was acceptable, according to an 1890
address by the great chemist August Kekulé: “If you
want to become a chemist, so Liebig told me, when I
worked in his laboratory, you have to ruin your health.
Who does not ruin his health by his studies, nowadays
will not get anywhere in Chemistry” (as quoted in
Purchase, 1994).

Today that attitude seems as ancient as alchemy.
Over the years, we have developed special techniques
for handling chemicals safely. Institutions that sponsor
chemical laboratories hold themselves accountable for
providing safe working environments. Local, state, and
federal regulations codify this accountability.

Beyond regulation, employers and scientists also
hold themselves responsible for the well-being of
building occupants and the general public. Develop-
ment of a “culture of safety”—with accountability
up and down the managerial (or administrative) and
scientific ladders—has resulted in laboratories that
are, in fact, safe and healthy environments in which to
teach, learn, and work. Injury, never mind martyrdom,
is out of style.

1.B THE CULTURE OF
LABORATORY SAFETY

As a result of the promulgation of the Occupational
Safety and Health Administration (OSHA) Laboratory
Standard (29 CFR § 1910.1450), a culture of safety con-
sciousness, accountability, organization, and education
has developed in industrial, governmental, and aca-
demic laboratories. Safety and training programs, often
coordinated through an office of environment, health,
and safety (EHS), have been implemented to monitor
the handling of chemicals from the moment they are
ordered until their departure for ultimate disposal and
to train laboratory personnel in safe practices.!

IThroughout this book, the committee uses the word training in its
usual sense of “making proficient through specialized instruction”
with no direct reference to regulatory language.
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Laboratory personnel realize that the welfare and
safety of each individual depends on clearly defined
attitudes of teamwork and personal responsibility and
that laboratory safety is not simply a matter of materi-
als and equipment but also of processes and behaviors.
Learning to participate in this culture of habitual risk
assessment, experiment planning, and consideration of
worst-case possibilities—for oneself and one’s fellow
workers—is as much part of a scientific education as
learning the theoretical background of experiments or
the step-by-step protocols for doing them in a profes-
sional manner.2

Accordingly, a crucial component of chemical edu-
cation at every level is to nurture basic attitudes and
habits of prudent behavior so that safety is a valued
and inseparable part of all laboratory activities. In this
way, a culture of laboratory safety becomes an internal-
ized attitude, not just an external expectation driven
by institutional rules. This process must be included
in each person’s chemical education throughout his or
her scientific career.

1.C RESPONSIBILITY AND
ACCOUNTABILITY FOR
LABORATORY SAFETY

Ensuring a safe laboratory environment is the com-
bined responsibility of laboratory personnel, EHS
personnel, and the management of an organization,
though the primary responsibility lies with the indi-
vidual performing the work. Of course, federal, state,
and local laws and regulations make safety in the labo-
ratory a legal requirement and an economic necessity.
Laboratory safety, although altruistic, is not a purely
voluntary function; it requires mandatory safety rules
and programs and an ongoing commitment to them.
A sound safety organization that is respected by all
requires the participation and support of laboratory
administrators, employees, and students.

The ultimate responsibility for creating a safe envi-
ronment and for encouraging a culture of safety rests
with the head of the organization and its operating
units. Leadership by those in charge ensures that an
effective safety program is embraced by all. Even a
well-conceived safety program will be treated casually
by workers if it is neglected by top management.

Direct responsibility for the management of the labo-
ratory safety program typically rests with the chemical

2With regard to safe use of chemicals, the committee distinguishes
between hazard, which is an inherent danger in a material or system,
and the risk that is assumed by using it in various ways. Hazards are
dangers intrinsic to a substance or operation; risk refers to the prob-
ability of injury associated with working with a substance or carrying
out a particular laboratory operation. For a given chemical, risk can
be reduced; hazard cannot.
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hygiene officer (CHO) or safety director; responsibility
for working safely, however, lies with those scientists,
technicians, faculty, students, and others who actu-
ally do the work. A detailed organizational chart with
regard to each individual’s responsibility for chemical
hygiene can be a valuable addition to the Chemical
Hygiene Plan (CHP). (See Chapter 2, section 2.B.)

In course work, laboratory instructors carry direct
responsibility for actions taken by students. Instructors
are responsible for promoting a culture of safety as well
as for teaching the requisite skills needed to handle
chemicals safely.

As federal, state, and local regulations became more
stringent, institutions developed infrastructures to
oversee compliance. Most industrial, governmental,
and academic organizations that maintain laboratory
operations have an EHS office staffed with credentialed
professionals. These individuals have a collective ex-
pertise in chemical safety, industrial hygiene, engineer-
ing, biological safety, environmental health, environ-
mental management (air, water, waste), occupational
medicine, health physics, fire safety, and toxicology.

EHS offices consult on or manage hazardous waste
issues, accident reviews, inspections and audits, com-
pliance monitoring, training, record keeping, and
emergency response. They assist laboratory manage-
ment in establishing policies and promoting high stan-
dards of laboratory safety. To be most effective, they
should partner with department chairpersons, safety
directors, CHOs, principal investigators or managers,
and laboratory personnel to design safety programs
that provide technical guidance and training support
that are relevant to the operations of the laboratory, are
practical to carry out, and comply with existing codes
and regulations.

In view of the importance of these offices, safety di-
rectors should be highly knowledgeable in the field and
given responsibility for the development of a unified
safety program, which will be vetted by institutional
authorities and implemented by all. As a result, EHS
directors should also have direct access, when neces-
sary, to those senior authorities in the institution who
are ultimately accountable to the public.

1.D SPECIAL SAFETY CONSIDERATIONS
IN ACADEMIC LABORATORIES

Academic laboratories, like industrial and govern-
mental laboratories, are concerned with meeting the
fundamental safety goals of minimizing accidents and
injuries, but there are differences. Forming the foun-
dation for a lifelong attitude of safety consciousness,
risk assessment, and prudent laboratory practice is an
integral part of every stage of scientific education—
from classroom to laboratory and from primary school
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through postdoctoral training. Teaching and academic
institutions must accept this unique responsibility for
attitude development.

Resources are limited and administration must pro-
vide support for teachers who are not subject matter
experts. The manifold requirements for record keeping
and waste handling can be especially burdensome for
overworked teachers in high school or college labora-
tories. Institutions with graduate programs teach, but
they also conduct research activities that often involve
unpredictable hazards. The safety goals and the al-
location of resources to achieve them are sufficiently
different for high school, undergraduate, and graduate
teaching laboratories that they are discussed separately
here.

1.D.1 High School Teaching Laboratories

Laboratory safety involves recognizing and evalu-
ating hazards, assessing risks, selecting appropriate
personal protective equipment, and performing the ex-
perimental work in a safe manner. Training must start
early in a chemist’s career. Even a student’s first chemi-
cal experiments should cover the proper approach to
understanding and dealing with the hazardous prop-
erties of chemicals (e.g., flammability, reactivity, corro-
siveness, and toxicity) as an introduction to laboratory
safety and should also teach sound environmental
practice when managing chemical waste. Advanced
high school chemistry courses should assume the same
responsibilities for developing professional attitudes
toward safety and waste management as are expected
of college and university courses.

1.D.2 Undergraduate Teaching
Laboratories

Undergraduate chemistry courses are faced with the
problem of introducing inexperienced people to the
culture of laboratory safety. Although some students
enroll in their first undergraduate course with good
preparation from their high school science courses,
many others bring little or no experience in the labo-
ratory. They must learn to evaluate the wide range of
hazards in laboratories and learn risk management
techniques that are designed to eliminate various po-
tential dangers in the laboratory.

Undergraduate laboratory instruction is often as-
signed to graduate—and in some cases undergraduate—
teaching assistants, who have widely different back-
grounds and communication skills. Supervising and
supporting teaching assistants is a special depart-
mental responsibility that is needed to ensure the safe
operation of the undergraduate laboratories in the de-
partment. The assistants are teaching chemistry while
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they are trying to learn it and teaching safety when they
may not be prepared to do so. However, they are in a
position to act as role models of safe laboratory practice
for the students in the laboratory, and adequate sup-
port and training are required for them to fill that role
appropriately.

To this end, a manual designed and written specifi-
cally for teaching assistants in undergraduate laborato-
ries is an extremely effective training tool. The manual
can include sections on principles of laboratory safety;
laboratory facilities; teaching assistant duties during
the laboratory session; chemical management; applica-
ble safety rules; teaching assistant and student apparel,
teaching assistant and student personal protective
equipment; departmental policy on pregnant students
in laboratories; and emergency preparedness in the
event of a fire, chemical spill, or injury in the laboratory.

There should be resolute commitment by the en-
tire faculty to the departmental safety program to
minimize exposure to hazardous materials and unsafe
work practices in the laboratory. Teaching safety and
safe work practices in the laboratory should be a top
priority for faculty as they prepare students for careers
in industrial, governmental, academic, and health sci-
ences laboratories. By promoting safety during the
undergraduate and graduate years, the faculty will
have a significant impact not just on their students
but also on everyone who will share their future work
environments.

1.D.3 Academic Research Laboratories

Advanced training in safety should be mandatory for
students engaged in research, and hands-on training is
recommended whenever possible. Unlike laboratory
course work, where training comes primarily from re-
peating well-established procedures, research often in-
volves making new materials by new methods, which
may pose unknown hazards. As a result, workers in
academic research laboratories do not always operate
from a deep experience base.

Thus, faculty is expected to provide a safe environ-
ment for research via careful oversight of the student’s
work. Responsibility for the promotion of safe labora-
tory practices extends beyond the EHS department,
and all senior researchers—faculty, postdoctoral, and
experienced students—should endeavor to teach the
principles and set a good example for their associates.
The ability to maintain a safe laboratory environment
is necessary for a chemist entering the workforce, and
students who are not adequately trained in safety are
placed at a professional disadvantage when compared
with their peers. To underscore the importance of
maintaining a safe and healthy laboratory environ-
ment, many chemistry departments provide laboratory
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safety training and seminars for incoming graduate
students. However, in many cases these sessions are
designed to prepare graduate students for their work
as teaching assistants rather than for their work as
research scientists.

Formal safety education for advanced students and
laboratory personnel should be made as relevant to
their work activities as possible. Training conducted
simply to satisfy regulatory requirements may seem
like compliance, and researchers may sense that the
training does not have the leader’s full support. EHS
offices and researchers can work together to address
such concerns and to design training sessions that
fulfill regulatory requirements, provide training per-
ceived as directly relevant to the researchers’” work,
and provide hands-on experience with safety practices
whenever possible.

Safety training is an ongoing process, integral to the
daily activities of laboratory personnel. As a new labo-
ratory technique is formally taught or used, relevant
safe practices should be included; however, informal
training through collegial interactions is a good way
to exchange safety information, provide guidance, and
reinforce good work habits.

Although principal investigators and project man-
agers are legally accountable for the maintenance of
safety in laboratories under their direction, this activ-
ity, like much of the research effort, is distributable.
Well-organized academic research groups develop
hierarchical structures of experienced postdoctoral
research associates, graduate students at different
levels, undergraduates, and technicians, which can
be highly effective in transmitting the importance of
safe, prudent laboratory operations. Box 1.1 provides
some examples of how to encourage a culture of safety
within an academic laboratory.

When each principal investigator offers leadership
that demonstrates a deep concern for safety, fewer
people get hurt. If any principal investigator projects
an attitude that appears to be cavalier or hostile to the
university safety program, that research group and oth-
ers can mirror the poor example and exhibit behavior
that sets the stage for potential accidents, loss of insti-
tutional property, and costly litigation.

1.E THE SAFETY CULTURE IN INDUSTRIAL
AND GOVERNMENTAL LABORATORIES

The degree of commitment to EHS programs varies
widely among companies and governmental laborato-
ries, as well. Many chemical companies recognize both
their moral responsibility and their own self-interest in
developing the best possible safety programs, extend-
ing them not just to employees but also to contractors.
Others do little more than is absolutely required by
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BOX 1.1
Tips for Encouraging a
Culture of Safety Within
an Academic Laboratory

e Make a topic of laboratory safety an item on every
group meeting agenda.

e Periodically review the results of laboratory inspec-
tions with the entire group.

e Encourage students and laboratory employees to
contact the EHS office if they have a question about
safe methods of handling hazardous chemicals.

e Require that all accidents and incidents, even those
that seem minor, are reported so that the cause can
be identified.

e Review new experimental procedures with students
and discuss all safety concerns. Where particularly
hazardous chemicals or procedures are called for,
consider whether a substitution with a less hazardous
material or technigue can be made.

e Make sure the safety rules within the laboratory (e.g.,
putting on eye protection at the door) are followed
by everyone in the laboratory, from advisor to under-
graduate researcher.

e Recognize and reward students and staff for attention
to safety in the laboratory.

law and regulations. Unfortunately, bad publicity from
a serious accident in one careless operation tarnishes
the credibility of all committed supervisors and em-
ployees. Fortunately, chemical companies that excel in
safety are becoming more common, and safety is often
recognized as equal in importance to productivity,
quality, profitability, and efficiency.

The industrial or governmental laboratory environ-
ment provides strong corporate structure and disci-
pline for maintaining a well-organized safety program
where the culture of safety is thoroughly understood,
respected, and enforced from the highest level of
management down. New employees coming from
academic research laboratories are often surprised to
discover the detailed planning and extensive safety
checks that are required before running experiments. In
return for their efforts, they learn the sense of personal
security that goes with high professional standards.

1.F OTHER FACTORS THAT INFLUENCE
LABORATORY SAFETY PROGRAMS

Several key factors continue to affect the evolution
of laboratory safety programs in industry, government,
and academe. These factors include advances in tech-
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nology, environmental impact, and changes in legal
and regulatory requirements.

1.FE1 Advances in Technology

In response to the increasingly high cost of chemical
management, from procurement to waste disposal, a
steady movement toward miniaturizing chemical oper-
ations exists in both teaching and research laboratories.
This trend has had a significant effect on laboratory
design and has also reduced the costs associated with
procurement, handling, and disposal of chemicals.
Another trend—motivated at least partially by safety
concerns—is the simulation of laboratory experiments
by computer. Such programs are a valuable conceptual
adjunct to laboratory training but are by no means
a substitute for hands-on experimental work. Only
students who have been carefully educated through
a series of hands-on experiments in the laboratory
have the confidence and expertise needed to handle
real laboratory procedures safely as they move on to
advanced courses, research work, and eventually to
their careers in industry, academe, health sciences, or
government laboratories.

1.FE2 Environmental Impact

If a laboratory operation produces less waste, there
is less waste to dispose of and less impact on the envi-
ronment. A frequent, but not universal, corollary is that
costs are also reduced. The terms “waste reduction,”
“waste minimization,” and “source reduction” are of-
ten used interchangeably with “pollution prevention.”
In most cases the distinction is not important. However,
the term “source reduction” may be used in a narrower
sense than the other terms, and the limited definition
has been suggested as a regulatory approach that man-
dates pollution prevention. The narrow definition of
source reduction includes only procedural and process
changes that actually use less material and produce
less waste. The definition does not include recycling or
treatment to reduce the hazard of a waste. For example,
changing to microscale techniques is considered source
reduction, but recycling a solvent waste is not.

Many advantages are gained by taking an active
pollution prevention approach to laboratory work, and
these are well documented throughout this book. Some
potential drawbacks do exist, and these are discussed as
well and should be kept in mind when planning activi-
ties. For example, dramatically reducing the quantity
of chemicals used in teaching laboratories may leave
the student with an unrealistic appreciation of his or
her behavior when using them on a larger scale. Also,
certain types of pollution prevention activities, such
as solvent recycling, may cost far more in dollars and
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time than the potential value of recovered solvent. For
more information about solvent recycling, see Chapter
5, section 5.D.3.2. Before embarking on any pollution
prevention program, it is worthwhile to review the
options thoroughly with local EHS program managers
and to review other organizations’ programs to become
fully aware of the relative merits of those options.

Perhaps the most significant impediment to compre-
hensive waste reduction in laboratories is the element
of scale. Techniques that are practical and cost-effective
on a 55-gal or tank-car quantity of material may be
highly unrealistic when applied to a 50-g (or milligram)
quantity, or vice versa. Evaluating the costs of both
equipment and time becomes especially important
when dealing with very small quantities.

1.F.3 Changes in the Legal and Regulatory
Requirements

Changes in the legal and regulatory requirements
over the past several decades have greatly affected
laboratory operations. Because of increased regula-
tions, the collection and disposal of laboratory waste
constitute major budget items in the operation of every
chemical laboratory. The cost of accidents in terms of
time and money spent on fines for regulatory violations
and on litigation are significant. Of course, protection
of students and research personnel from toxic materials
is not only an economic necessity but an ethical obli-
gation. Laboratory accidents have resulted in serious,
debilitating injuries and death, and the personal impact
of such events cannot be forgotten.

In 1990, OSHA issued the Laboratory Standard
(29 CFR § 1910.1450), a performance-based rule that
serves the community well. In line with some of the
developments in laboratory practice, the commit-
tee recommends that OSHA review the standard in
current context. In particular, the section on CHPs,
1910.1450(e), does not currently include emergency
preparedness, emergency response, and consideration
of physical hazards as well as chemical hazards. In
addition, this book provides guidance that could be a
basis for strengthening the employee information and
training section, 1910.1450(f). Finally, the nonmanda-
tory Appendix A of the Laboratory Standard was based
on the original edition of Prudent Practices in the Labora-
tory, published in 1981 and currently out of print. The
committee recommends that the appendix be updated
to reflect the changes in the current edition in both
content and reference.

The Laboratory Standard requires that every work-
place conducting research or training where hazardous
chemicals are used develop a CHP. This requirement
has generated a greater awareness of safety issues at all
educational science and technology departments and
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research institutions. Although the priority assigned
to safety varies widely among personnel within aca-
demic departments and divisions, increasing pressure
comes from several other directions in addition to the
regulatory agencies and to the potential for accident
litigation. In some cases, significant fines have been
imposed on principal investigators who received
citations for safety violations. These actions serve to
increase the faculty’s concern for laboratory safety.
Boards of trustees or regents of educational institutions
often include prominent industrial leaders who are
aware of the increasing national concern with safety
and environmental issues and are particularly sensi-
tive to the possibility of institutional liability as a result
of laboratory accidents. Academic and government
laboratories can be the targets of expensive lawsuits.
The trustees assist academic officers both by helping to
develop an appropriate institutional safety system with
an effective EHS office and by supporting departmental
requests for modifications of facilities to comply with
safety regulations.

Federal granting agencies recognize the importance
of sound laboratory practices and active laboratory
safety programs in academe. Some require documenta-
tion of the institution’s safety program as part of the
grant proposal. When negligent or cavalier treatment of
laboratory safety regulations jeopardizes everybody’s
ability to obtain funding, a powerful incentive is cre-
ated to improve laboratory safety.

1.F4 Accessibility for Scientists with
Disabilities

Over the years, chemical manufacturers have mod-
ernized their views of safety. Approaches to safety
for all—including scientists with disabilities—have
largely changed in laboratories as well. In the past,
full mobility and full eyesight and hearing capabilities
were considered necessary for safe laboratory opera-
tions. Now, encouraged legally by the adoption of the
Americans with Disabilities Act of 1990 (ADA) and the
ADA Amendments Act of 2008, leaders in laboratory
design and management realize that a nimble mind
is more difficult to come by than modified space or
instrumentation.

As a result, assistive technologies now exist to cir-
cumvent almost any inaccessibility, and laboratories
can be equipped to take advantage of them. Many
of the modifications to laboratory space and fixtures
have benefits for all. Consider, as a single example, the
assistance of ramps and an automatic door opener to
all lab personnel moving a large cart or carrying two
heavy containers.

It is a logical extension of the culture of safety to in-
clude a culture of accessibility. For information about
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compliance with the ADA in the laboratory, see Chap-
ter 9, section 9.B.8.

1.G LABORATORY SECURITY

Laboratory security is an issue that has grown in
prominence in recent years and is complementary to
laboratory safety. In short, a laboratory safety program
should be designed to protect people and chemicals
from accidental misuse of materials; the laboratory
security program should be designed to protect work-
ers from intentional misuse or misappropriation of
materials. Security procedures and programs will no
doubt be familiar to some readers, but others may
have encountered it only in the context of locking
the laboratory door. However, in the coming years,
a working awareness of security will likely become a
common requirement for anyone working in a chemi-
cal laboratory. Risks to laboratory security include
theft or diversion of high-value equipment, theft of
chemicals to commit criminal acts, intentional release
of hazardous materials, or loss or release of sensitive
information, and will vary with the organization and
the work performed. Chapter 10 of this book provides
a broad introduction to laboratory security, including
discussions of the elements of a security program,
performing a security vulnerability assessment, dual-
use hazards of laboratory materials, and regulations
that affect security requirements. The chapter is not
intended to provide all the details needed to create a
security program, but rather to acquaint laboratory
personnel with the rationale behind developing such a
program and to provide the basic tools needed to begin
identifying and addressing concerns within their own
laboratories.

1.H STRUCTURE OF THE BOOK

This edition of Prudent Practices in the Laboratory
builds on the work provided in previous editions.
Among other changes, it has two new chapters, one on
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Emergency Planning and one on Laboratory Security,
described above, and the discussion of EHS manage-
ment systems has been extensively revised. Chapters
2, 3, and 10 cover administrative and organizational
concerns that affect the laboratory environment; Chap-
ters 4-8 discuss practical concerns when working in a
laboratory; Chapter 9 discusses laboratory facilities;
and Chapter 11 provides an overview of federal regula-
tions that affect laboratory activities. Acknowledging
the stronger regulatory environment that exists today,
this edition provides more references to relevant codes,
standards, and regulations than the prior versions.
This is not intended to imply that safety has become a
matter of regulation rather than of good practice; itis a
reflection of laboratory practice today and is intended
to provide a resource for personnel who must remain
in compliance with these regulations or face legal
consequences.

1.1 SUMMARY

A strong culture of safety within an organization
creates a solid foundation upon which a successful
laboratory health and safety program can be built. As
part of that culture, all levels of the organization (i.e.,
administrative personnel, scientists, laboratory techni-
cians) should understand the importance of minimiz-
ing the risk of exposure to hazardous materials in the
laboratory and should work together toward this end.
In particular, laboratory personnel should consider
the health, physical, and environmental hazards of
the chemicals that will be used when planning a new
experiment and perform their work in a prudent
manner. However, the ability to accurately identify
and assess hazards in the laboratory is not a skill that
comes naturally, and it must be taught and encouraged
through training and ongoing organizational support.
Asuccessful health and safety program requires a daily
commitment from everyone in the organization, and
setting a good example is the best method of demon-
strating commitment.
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2.A INTRODUCTION

Many people are interested in an organization’s ap-
proach to laboratory environmental health and safety
(EHS) management including laboratory personnel;
customers, clients, and students (if applicable); suppli-
ers; the community; shareholders; contractors; insur-
ers; and regulatory agencies. More and more organiza-
tions attach the same importance to high standards in
EHS management as they do to other key aspects of
their activities. High standards demand a structured
approach to the identification of hazards and the evalu-
ation and control of work-related risks.

A comprehensive legal framework already exists for
laboratory EHS management. This framework requires
organizations to manage their activities in order to
anticipate and prevent circumstances that might result
in occupational injury, ill health, or adverse environ-
mental impact. This chapter seeks to improve the EHS
performance of organizations by providing guidance
on EHS to integrate EHS management with other as-
pects of the organization.

Many features of effective EHS management are
identical to management practices advocated by pro-
ponents of quality assurance and business excellence.
The guidelines presented here are based on general
principles of good management and are designed to
integrate EHS management within an overall manage-
ment system.! By establishing an EHS management
system, EHS risks are controlled in a systematic proac-
tive manner.

Within many organizations, some elements of EHS
management are already in place, such as policy and
risk assessment records, but other aspects need to
be developed. It is important that all the elements
described here are incorporated into the EHS man-
agement system. The manner and extent to which
individual elements are applied, however, depend on
factors such as the size of the organization, the nature of
its activities, the hazards, and the conditions in which
it operates. An initial status review should be carried
out in all organizations that do not have an established
EHS management system. This initial status review
will provide information on the scope, adequacy, and
implementation of the current management system.
Where no formal management system exists, or if the
organization is newly established, the initial status
review should indicate where the organization stands
with respect to managing risks.

Figure 2.1 illustrates the major elements of an EHS
management system.

1A general definition of a management system is “a series of ele-
ments for establishing policy, objectives, and processes for imple-
mentation, review, and continual improvement.”
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2.A.1 Environmental Health and Safety

Policy

Top management should set in place procedures to
define, document, and endorse a formal EHS policy
for an organization. The policy should clearly outline
the roles and expectations for the organization, faculty,
EHS personnel, and individual employees or students.
It should be developed in communication with labo-
ratory personnel to ensure that all major concerns are
adequately addressed.

The EHS policy should state intent to

* prevent or mitigate both human and economic
losses arising from accidents, adverse occupa-
tional exposures, and environmental events;

¢ build EHS considerations into all phases of the
operations, including laboratory discovery and
development environments;

¢ achieve and maintain compliance with laws and
regulations; and

¢ continually improve EHS performance.

The EHS policy and policy statement should be
reviewed, revalidated, and where necessary, revised
by top management as often as necessary. It should
be communicated and made readily accessible to all
employees and made available to relevant interested
parties, as appropriate.

2.A.2 Management Commitment

Management commitment to EHS performance is
widely recognized as one of the elements most critical
to EHS program success and to the development of a
strong culture of safety within an organization. There-
fore, the management system document establishes
management commitment with a formal statement of
intent, which defines examples of how performance
goals are supported. Examples of how this commit-
ment is supported include the following;:

¢ Establish methods to use energy more efficiently,
reduce waste, and prevent accidents.

e Comply with laws, regulations, and organiza-
tional requirements applicable to their operations.

* Improve EHS performance continually.

¢ Conduct periodic assessments to verify and vali-
date EHS performance.

2.A.3 Planning

Planning is an integral part of all elements of the
management system and to be effective involves the
design and development of suitable processes and
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|. Environmental Health and
Safety (EHS) Policy
» Develop or review EHS policy

e Share management commitment
to the policy with all personnel

V. Management Review

* Engage management in the identification of
objectives and targets of the EHS policy

* Perform annual management review

¢ Document decisions and recommendations

V. Performance Measurement, Audits,
and Change Management

* Track key performance measurements

* Establish a system to investigate incidents and
take appropriate actions

» Establish processes for controlling risks
associated with changes to operations

/ Il. Planning \

Identify EHS concerns

Assess risk and control capability

Identify legal requirements applicable to the
organization

Develop a process to keep track of legal
requirements and changes in laboratory work
Establish objectives and targets for the EHS

\.policy

/ lIl. Implementation \

* Develop a process and organizational structure for
communications

* Define a group to make decisions regarding external

communications

Define roles and responsibilities

Develop and implement training as needed

Define a process for maintaining documents

Establish an organizational structure for responding to

\emergencies and accidents

FIGURE 2.1 Overview of environmental health and safety management system.

organizational structure to manage EHS aspects and
their associated risk control systems proportionately
to the needs, hazards, and risks of the organization.
Planning is equally important to deal with health risks
that might only become apparent after a long latency
period. It also establishes objectives that define the
criteria for judging success or failure of the manage-
ment system. Objectives are identified on the basis of
either the results of the initial status review, subsequent
periodic reviews, or other available data.

Various sources of information are used to identify
applicable EHS aspects and to assess the risk associated
with each. Examples include, but are not limited to,
information obtained from the following:

hazard/exposure assessment,

risk assessment,

inspections,

permits,

event investigations (injury and illness investiga-

tions, environmental incident investigations, root-
cause analysis, trend analysis),

e internal audits and/or external agency audits,

e fire and building codes,

¢ employee feedback concerning unsafe work con-
ditions or situations,

* emerging issues,

corporate/institution goals, and

emergency management.

Once applicable EHS aspects are identified, a risk-
based evaluation is performed to determine the poten-
tial impact and adequacy of existing control measures.
If additional controls or corrective actions are needed
to reduce risks to acceptable levels, they are integrated
into business planning. Categorizing each item in this
manner allows gaps that are identified to be prioritized
and incorporated, based on level of importance and
available resources.

Care should be taken when developing and dis-
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seminating new controls and corrective actions. If
requirements are perceived by laboratory personnel
as unnecessarily onerous, there is potential for lower
compliance within the organization and a loss of cred-
ibility on the part of EHS personnel. While understand-
ing that some individuals will never be convinced of
the need for new controls, it is important to provide
clear, supported justifications for changes to existing
protocols to encourage adoption of the new policies
and procedures.

2.A.4 Implementation

The design of management arrangements should
reflect the organization’s business needs and the nature
of their risks. However, there should be appropriate
activity across all elements of the model (policy; plan-
ning; implementation; performance measurement,
audits, and change management; and management
review).

Specifically the organization should make arrange-
ments to cover the following key areas:

¢ overall plans and objectives, including employees
and resources, for the organization to implement
its policy;

¢ operational plans to implement arrangements to
control the risks identified;

¢ contingency plans for foreseeable emergencies
and to mitigate their effects (e.g., prevention, pre-
paredness, and response procedures);

¢ plans covering the management of change of
either a permanent or a temporary nature (e.g.,
associated with new processes or plant work-
ing procedures, production fluctuations, legal
requirements, and organizational and staffing
changes);

¢ plans covering interactions with other interested
parties (e.g., control, selection, and management
of contractors; liaison with emergency services;
visitor control);

* performance measures, audits, and status reviews;

¢ corrective action implementation;

¢ plans for assisting recovery and return to work
of any staff member who is injured or becomes ill
through work activities;

e communication networks to management, em-
ployees, and the public;

* clear performance and measurement criteria
defining what is to be done, who is responsible,
when it is to be done, and the desired outcome;

¢ education and training requirements associated
with EHS;

¢ document control system; and

¢ contractors should have written safety plans and
qualified staff whose qualifications are thoroughly
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reviewed before a contract is awarded. All con-
tractor personnel should be required to comply
with the sponsoring organization’s safety policies
and plans.

Though it is the responsibility of each individual re-
searcher to ensure that work is performed in a prudent
and safe manner, achieving a safe laboratory environ-
ment is a cooperative endeavor between management,
EHS personnel, and laboratory personnel. Regulations,
policies, and plans will never cover every contingency,
and it is important for these different groups to com-
municate with each other to ensure that new situations
can be handled appropriately. One way to ensure that
the needs of all groups are being met is by creating
safety committees consisting of representatives from
each part of an organization. In this forum, safety
concerns can be raised, information can be distributed
to affected parties, and a rough sense of the efficacy of
policies and programs can be gained.

2.A.5 Performance Measurement and
Change Management

The primary purpose of measuring EHS perfor-
mance is to judge the implementation and effective-
ness of the processes established for controlling risk.
Performance measurement provides information on
the progress and current status of the arrangements
(strategies, processes, and activities) used by an orga-
nization to control risks to EHS. Measurement informa-
tion includes data to judge the management system by

* gathering information on how the system oper-
ates in practice,

¢ identifying areas where corrective action is neces-
sary, and

¢ providing a basis for continual improvement.

All of the components of the EHS management sys-
tem should be adequately inspected, evaluated, main-
tained, and monitored to ensure continued effective
operation. Risk assessment and risk control should be
reviewed in the light of modifications or technologi-
cal developments. Results of evaluation activities are
used as part of the planning process and management
review, to improve performance and correct deficien-
cies over time.

Periodic audits that enable a deeper and more critical
appraisal of all of the elements of the EHS manage-
ment system (see Figure 2.1) should be scheduled and
should reflect the nature of the organization’s hazards
and risks. To maximize benefits, competent persons
independent of the area or activity should conduct the
audits. The use of external, impartial auditors should
be considered to assist in evaluation of the EHS man-
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agement system. When performing these reviews,
it is important that the organization have a plan for
following up on the results of the audit to ensure that
problems are addressed and that recognition is given
where it is deserved.

The concept of change management in the laboratory
environment varies markedly from methods typically
prescribed, for example, in manufacturing operations.
By its very nature, the business of conducting experi-
ments is constantly changing. Therefore, it is a part of
everyday activities to evaluate modifications and/or
technological developments in experimental and scale-
up processes. As such, a number of standard practices
are used to identify appropriate handling practices,
containment methods, and required procedures for
conducting laboratory work in a safe manner. Several
examples of these practices include

¢ identification of molecules as particularly hazard-
ous substances (PHSs),> which specifies certain
handling and containment requirements and the
use of personal protective equipment (PPE);

e approval and training for new radioisotope users;

¢ completion of biosafety risk assessments for the
use of infectious agents; and

* Material Safety Data Sheet (MSDS) review of
chemicals being used.

2.A.6 Management Review of EHS
Management System

Top management should review the organization’s
EHS management system at regular intervals to ensure
its continuing suitability, adequacy, and effectiveness.
This review includes assessing opportunities for im-
provement and the need for changes in the manage-
ment system, including the EHS policy and objectives.
The results of the management review should be
documented.

Among other information, a management review
should include the following:

results of EHS management system audits,
results from any external audits,
communications from interested parties,

extent to which objectives have been met,

status of corrective and preventive actions,
follow-up actions from previous management
reviews, and

* recommendations for improvement based on
changing circumstances.

2The term “particularly hazardous substances” is used by Occu-
pational Safety and Health Administration (OSHA) and defined in
the Laboratory Standard 29 CFR § 1910.1450. (For more information
see Chapter 4, section 4.C.3.)

The outputs from management review should in-
clude any decisions and actions related to possible
change to EHS policy, objectives, and other elements
of the management system, consistent with the com-
mitment to continual improvement.

The management system review ensures a regular
process that evaluates the EHS management system
in order to identify deficiencies and modify them.
Systemic gaps, evidence that targets are not being
met, or compliance issues that are discovered during
compliance or risk assessments indicate a possible
need for revision to the management system or its
implementation.

2.A.7 Example Management System:
Department of Energy Integrated
Safety Management System

One example of a common EHS management system
is that used by the Department of Energy (DOE). The
agency’s Integrated Safety Management (ISM) system,
adopted in 1996, is used at all DOE facilities, and has
been used as a model for other agencies and institu-
tions. The system consists of six guiding principles and
five core management safety functions. The principles
and functions in DOE Policy DOE P 450.4 (DOE, 1994),
outlined below, require planning, identification of
hazards and controls before work begins, and for work
to be performed within these defined and planned
methods.

Principles:

* Line management responsibility for safety. Line
management is directly responsible for the protec-
tion of the public, the workers, and the environ-
ment. As a complement to line management, the
Department’s Office of Environment, Safety, and
Health provides safety policy, enforcement, and
independent oversight functions.

® Clear roles and responsibilities. Clear and un-
ambiguous lines of authority and responsibil-
ity for ensuring safety shall be established and
maintained at all organizational levels within the
Department and its contractors.

e Competence commensurate with responsi-
bilities. Personnel shall possess the experience,
knowledge, skills, and abilities that are necessary
to discharge their responsibilities.

* Balanced priorities. Resources shall be effectively
allocated to address safety, programmatic, and op-
erational considerations. Protecting the public, the
workers, and the environment shall be a priority
whenever activities are planned and performed.

¢ Identification of safety standards and require-
ments. Before work is performed, the associated
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hazards shall be evaluated and an agreed-upon
set of safety standards and requirements shall be
established which, if properly implemented, will
provide adequate assurance that the public, the
workers, and the environment are protected from
adverse consequences.

e Hazard controls tailored to work being per-
formed. Administrative and engineering controls
to prevent and mitigate hazards shall be tailored
to the work being performed and associated
hazards.

® Operations authorization. The conditions and
requirements to be satisfied for operations to be
initiated and conducted shall be clearly estab-
lished and agreed upon.

Functions:

* Define the scope of work. Missions are translated
into work, expectations are set, tasks are identified
and prioritized, and resources are allocated.

* Analyze the hazards. Hazards associated with the
work are identified, analyzed, and categorized.

¢ Develop and implement hazard controls. Appli-
cable standards and requirements are identified
and agreed upon, controls to prevent/mitigate
hazards are identified, the safety envelope is es-
tablished, and controls are implemented.

¢ Perform work within controls. Readiness is con-
firmed and work is performed safely.

* Provide feedback and continuous improvement.
Feedback information on the adequacy of con-
trols is gathered, opportunities for improving the
definition and planning of work are identified and
implemented, line and independent oversight is
conducted, and, if necessary, regulatory enforce-
ment actions occur.

In addition, in 2006, and in recognition of a gap
within the management system, DOE identified four
supplemental safety culture elements. These, as de-
scribed in DOE Manual DOE M 450.4-1 (DOE, 2006),
are as follows:

¢ Individual attitude and responsibility for safety.
Every individual accepts responsibility for safe
mission performance. Individuals demonstrate a
questioning attitude by challenging assumptions,
investigating anomalies, and considering poten-
tial adverse consequences of planned actions. All
employees are mindful of work conditions that
may impact safety, and assist each other in pre-
venting unsafe acts or behaviors.

¢ Operational excellence. Organizations achieve
sustained, high levels of operational performance,
encompassing all DOE and contractor activities to
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meet mission, safety, productivity, quality, envi-
ronmental, and other objectives. High reliability
is achieved through a focus on operations, con-
servative decision making, open communications,
deference to expertise, and systematic approaches
to eliminate or mitigate error-likely situations.

* Oversight for performance assurance. Compe-
tent, robust, periodic, and independent oversight
is an essential source of feedback that verifies
expectations are being met and identifies op-
portunities for improvement. Performance as-
surance activities verify whether standards and
requirements are being met. Performance assur-
ance through conscious, directed, independent
previews at all levels brings fresh insights and
observations to be considered for safety and per-
formance improvement.

* Organizational learning for performance im-
provement. The organization demonstrates ex-
cellence in performance monitoring, problem
analysis, solution planning, and solution imple-
mentation. The organization encourages openness
and trust, and cultivates a continuous learning
environment.

More information about the DOE ISM system can be
found at www.directives.doe.gov.

The DOE ISM system is only one example of an EHS
management system, and many others exist. It is im-
portant that each organization develop a management
system to meet the needs of the organization. Small
organizations or those that do not handle particularly
hazardous materials should not be tempted to “over-
engineer” the system. If the burden of organizational
oversight and management of the ESH program is not
appropriately tied to the organizational risk, then the
safety program may lose credibility in the eyes of the
people it supports.

2.B CHEMICAL HYGIENE PLAN

The foundation of all management system ap-
proaches is the identification of EHS concerns, which
if not adequately controlled, can result in employee in-
jury or illness, adverse effects on the environment, and
regulatory action. One of the most critical EHS aspects
for laboratories is the requirement for chemical safety,
which in the United States is specifically regulated by
OSHA Laboratory Standard, 29 CFR § 1910.1450, Occu-
pational Exposure to Hazardous Chemicals in Laboratories.
This standard was created to minimize employee expo-
sure to hazardous chemicals in the laboratory and sets
forth guidelines for employers and trained laboratory
personnel engaged in the use of hazardous chemicals.?

329 CFR § 1910.1450 (1990), http://www.osha.gov /.
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The OSHA Laboratory Standard defines a Chemical
Hygiene Plan (CHP) as “a written program developed
and implemented by the employer which sets forth
procedures, equipment, personal protective equip-
ment and work practices that are capable of protect-
ing employees from the health hazards presented by
hazardous chemicals used in that particular work-
place.” “Where hazardous chemicals as defined by
this standard are used in the workplace, the employer
shall develop and carry out the provisions of a written
Chemical Hygiene Plan.” The CHP is the foundation
of the laboratory safety program and should be re-
viewed and updated, as needed, on an annual basis to
reflect changes in policies and personnel. A CHP that
is facility specific can assist in promoting a culture of
safety to protect employees from exposure to hazard-
ous materials.

Topics included in a CHP are

1. individual responsibilities for chemical hygiene
within the organization (see Boxes 2.1, 2.2, and
2.3),

2. emergency preparedness and facility security

issues,

personal apparel and PPE,

chemical management,

laboratory housekeeping,

standard operating procedures,

emergency action plan (EAP) for accidents and

spills,

8. safety equipment,
9. chemical waste policies,

10. required training,

11. safety rules and regulations,

12. facility design and laboratory ventilation,

13. medical and environmental monitoring,

14. compressed gas safety,

15. laboratory equipment,

16. biological safety, and

17. radiation safety.

NG W

Determining what belongs in the CHP for a given
laboratory should be the result of conversations be-
tween the Chemical Hygiene Officer (CHO), the direc-
tor of the laboratory, and laboratory personnel. The
laboratory director and the individuals performing
the research are responsible for following safe prac-
tices, and they are the people most familiar with the
work being performed. However, they are less likely
to be familiar with all relevant regulations, standards,
and codes than the CHO, and they may benefit from
assistance in identification and assessment of hazards
within the laboratory. Thus there must be commu-
nication across the groups to ensure that the CHP is
complete and that it contains no irrelevant information

(e.g., information on biological safety in a laboratory
that only works with inorganic materials).

2.C SAFETY RULES AND POLICIES

Safety rules and regulations are created to protect
laboratory personnel from unsafe work practices and
exposure to hazardous materials. Consistently follow-
ing and enforcing the safety rules in order to create a
safe and healthful laboratory environment in which to
work will help encourage a culture of safety within the
workplace. What follows is a description of laboratory
safety rules, but these will not cover every contingency.
Part of the culture of safety is communication and
discussion about safety hazards within the laboratory,
so that new concerns can be addressed as quickly as
possible.

2.C.1 General Safety Rules

Below are some basic guidelines for maintaining a
safe laboratory environment.

1. To ensure that help is available if needed, do
not work alone if using hazardous materials or
performing hazardous procedures.

2. To ensure that help is available in case of emer-

gencies, laboratory personnel should not deviate

from the assigned work schedule without prior
authorization from the laboratory supervisor.

Do not perform unauthorized experiments.

4. Plan appropriate protective procedures and the
positioning of all equipment before beginning
any operation. Follow the appropriate stan-
dard operating procedures at all times in the
laboratory.

5. Always read the MSDS and the label before us-
ing a chemical in the laboratory.

6. Wear appropriate PPE, including a laboratory
apron or coat, at all times in the laboratory.
Everyone, including visitors, must wear appro-
priate eye protection in areas where laboratory
chemicals are used or stored.

7. Wear appropriate gloves when handling hazard-
ous materials. Inspect all gloves for holes and
defects before using.

8. Use appropriate ventilation such as laboratory
chemical hoods when working with hazardous
chemicals.

9. Contact the CHO or the EHS office if you have
questions about the adequacy of the safety equip-
mentavailable or chemical handling procedures.

10. Know the location and proper use of the safety

equipment (i.e., eyewash unit, safety shower,
fire extinguisher, first-aid kit, fire blanket, emer-
gency telephone, and fire alarm pulls).

©»
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BOX 2.1
Chemical Hygiene Responsibilities in a Typical Academic Institution

Chemical Hygiene Officer (CHO)

The duties of the CHO vary widely from one institution to
another but may include the following:

Establish, maintain, and revise the Chemical Hygiene
Plan (CHP).

Create and revise safety rules and regulations.

Serve on appropriate safety committees.

Monitor procurement, use, storage, and disposal of
chemicals.

Conduct regular inspections of the laboratories, prepara-
tions rooms, and chemical storage rooms, and submit
detailed laboratory inspection reports to administration.
Maintain inspection, personnel training, and inventory
records.

Oversee chemical inventory updates.

Assist laboratory supervisors in developing and maintain-
ing adequate facilities.

Know current legal requirements concerning regulated
substances.

Seek ways to improve the chemical hygiene program.
Attend CHO training that is conducted by the institution.
Encourage laboratory personnel to attend specialized
training that is provided by the institution (i.e., first-aid
training, fire extinguisher training, and gas cylinder
training).

Notify employees of the availability of medical attention
under the following circumstances:

o Whenever an employee develops signs or symptoms

associated with a hazardous chemical to which the
employee may have been exposed in the laboratory;

o Where exposure monitoring reveals an exposure level
routinely above the action level for an Occupational
Safety and Health Administration—-regulated sub-
stance for which there are exposure monitoring and
medical surveillance requirements;

o Whenever a spill, leak, explosion, or other occurrence
resulting in the likelihood of a hazardous exposure oc-
curs, a medical consultation to ascertain if a medical
examination is warranted.

Department Chairperson or Director

e Assumes responsibility for personnel engaged in the
laboratory use of hazardous chemicals.

e Provides the CHO with the support necessary to imple-
ment and maintain the CHP.

e After receipt of laboratory inspection report from the
CHO, meets with laboratory supervisors to discuss cited
violations and to ensure timely actions to protect trained
laboratory personnel and facilities and to ensure that the
department remains in compliance with all applicable
federal, state, university, local, and departmental codes
and regulations.

e Provides budgetary arrangements to ensure the health
and safety of the departmental personnel, visitors, and
students.

e Serves as chair of the departmental safety committee

11.

12.

13.

14.

15.

16.

17.

Maintain situational awareness. Be aware of
the hazards posed by the work of others in the
laboratory and any additional hazards that
may result from contact between materials and
chemicals from different work areas.

Make others in the laboratory aware of any spe-
cial hazards associated with your work.

Notify supervisors of any chemical sensitivities
or allergies.

Report all injuries, accidents, incidents, and near
misses as directed by the organization’s policy.
For liability, safety, and security reasons, do not
allow unauthorized persons in the laboratory.
Report any unsafe conditions to the laboratory
supervisor or CHO.

Properly dispose of all chemical wastes. Follow
organizational policies for drain and trash dis-
posal of chemicals.

Visitors, including children, are permitted in labora-
tories where hazardous substances are stored or are in
use or hazardous activities are in progress as long as
they are properly protected. If minors are expected in a
laboratory (e.g., as part of an educational or classroom
activity), ensure that they are under the direct super-
vision of qualified adults at all times. The institution
should have a review process regarding minors in the
laboratory, and prior to their arrival, scheduled activi-
ties should be approved. Other laboratory personnel
in the area should be made aware that minors will be
present.

No pets are permitted in laboratories. Note that ser-
vice animals are not pets. They are highly trained and
may be present in a laboratory. However, a clean, safe
area should be provided where the animal can wait.

To prevent some common laboratory accidents:

1. Always protect hands with appropriate gloves
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and appoints a faculty member and a graduate student
member, if applicable, to serve on the departmental
safety committee.

Departmental Safety Committee

e Reviews accident reports and makes appropriate recom-
mendations to the department chairperson regarding
proposed changes in the laboratory procedures.

e Performs laboratory inspections on an annual basis, or
as needed. Prepares a detailed inspection report to be
submitted to each faculty member/laboratory supervisor.

Laboratory Supervisor

e Ensures that laboratory personnel comply with the
departmental CHP and do not operate equipment or
handle hazardous chemicals without proper training and
authorization.

e Always wears personal protective equipment (PPE) that
is compatible to the degree of hazard of the chemical.

e Follows all pertinent safety rules when working in the
laboratory to set an example.

e Reviews laboratory procedures for potential safety prob-
lems before assigning to other laboratory personnel.

e Ensures that visitors follow the laboratory rules and as-
sumes responsibility for laboratory visitors

e Ensures that PPE is available and properly used by each
laboratory employee and visitor.

e Maintains and implements safe laboratory practices.

e Monitors the facilities and the chemical fume hoods to
ensure that they are maintained and function properly.

Contacts the appropriate person, as designated by the
department chairperson, to report problems with the
facilities or the chemical fume hoods.

Laboratory Personnel

e Reads, understands, and follows all safety rules and
regulations that apply to the work area.

e Plans and conducts each operation, laboratory class, or
research project in accordance with the departmental
and institutional CHP.

e Promotes good housekeeping practices in the laboratory
or work area.

e Communicates appropriate portions of the CHP to stu-
dents in the work area.

e Notifies the supervisor of any hazardous conditions or
unsafe work practices in the work area.

e Uses PPE as appropriate for each procedure that involves
hazardous chemicals.

e |Immediately reports any job-related illness or injury to the
SUPErvisor.

Facilities, Maintenance, and Custodial
Service Personnel Assigned to
Laboratories and Laboratory Areas

e Completes training on CHP awareness.

e Understands how to read and use MSDSs.

e Knows hazards of the chemicals being used.

e Obtains information about hazards in the work area from
lab personnel before work is started.

when cutting glass tubing. To avoid breakage, do
not attempt to dry glassware by inserting a glass
rod wrapped with paper towels. Always lubricate
glassware with soap or glycerin before inserting
rods, tubing, or thermometers into stoppers.

2. To reduce the chances of injuries from projectiles,
when heating a test tube or other apparatus, never
point the apparatus toward yourself or others.

3. Be sure that glassware has cooled before touching
it. Hot glass looks just like cold glass.

4. Dilute concentrated acids and bases by slowly
pouring the acid or base into the water while
stirring.

2.C.2 Working Alone in the Laboratory

It is not prudent to work alone in a laboratory. The
American Chemical Society states that one should,
“[n]ever work alone in the laboratory” (ACS, 2003). In

Alaimo (2001) it states that “[w]ork should be absolutely
forbidden unless there are at least two people present”.
The OSHA Laboratory Standard states “Avoid working
alone in a building; do not work alone in a laboratory
if the procedures being conducted are hazardous.” Ac-
cidents are unexpected by definition, and if a person is
working alone when one occurs, his or her ability to re-
spond appropriately could be severely impaired, which
could result in personal injury or death and catastrophic
facility damage. Thus it is imperative that, whenever
working in the laboratory, others are actively aware of
your activities. If faced with a situation where you feel
it is necessary to work alone in a laboratory:

1. Reconsider the need. Are the increased risks to
your health and safety really outweighed by the
return?

2. Reconsider the timing and setup of the work. Is
there any way to accomplish the required tasks
during a time when others will be present?
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BOX 2.2
Chemical Hygiene Responsibilities in a Typical Industry Research Facility

Chemical Hygiene Officer (CHO)

e Qualified by training or experience to provide technical
guidance in the development and implementation of the
provisions of the Laboratory Standard.

e Oversees implementation and communication of the
Laboratory Standard.

e Conducts appropriate audits.

e Facilitates continuous improvement of safety policies and
practice.

e Acts as liaison between Environmental Health and Safety,
Environmental Affairs, and laboratory management.

e Chairs and schedules meetings of chemical hygiene
coordination committee (CHCC).

e Ensures that Chemical Hygiene Plan (CHP) and training
courses are reviewed annually;

e Revises the CHP per CHCC instructions.

e Facilitates revisions of the CHP and requisite training
courses.

e Approves/reviews all prior-approval chemical uses.

e Maintains minutes and other documents for CHP imple-
mentation and makes available for CHCC.

Chemical Hygiene Coordination Committee

The committee includes the CHO and representatives from
business area (appointed by line management). These repre-
sentatives are referred to as site chemical hygiene contacts.

e Provides opportunity for communication between plant
sites.

e Facilitates continuous improvement of safety policies and
practices.

e Meets at least annually to review CHP and training.

Line Management

e Completes CHP training.

e |mplements the CHP including but not limited to prac-
tices and procedures for the following:
o particularly hazardous materials,
o prior-approval process,
o laboratory inspections.

e Supervises CHP training by all laboratory personnel.

e Supports and enforces laboratory standards program.

e Provides ongoing ownership.

e Ensures that local safety procedures are written, training
is provided, and procedures are followed.

e Designates a local chemical hygiene contact (CHC| (by
site, building, division, or department).

Site/Area Chemical Hygiene Contact

e Completes CHP training.

e Serves as contact person for CHO and laboratory person-
nel for site/area CHP implementation.

e Represents site/area on CHCC.

3. If the timing of the task cannot be changed and
you still feel it must be accomplished during a
period when the laboratory is empty, is there any
other person trained in laboratory procedures
who can accompany you while you work?

4. If not, is there anyone else within the building
who could act as a “buddy” to check on you pe-
riodically during the time that you feel you must
work alone?

5. If no one can accompany you and you cannot
find a “buddy,” do not proceed with the work.
The situation is unsafe. Speak to your supervi-
sor or the organizational safety office to make
arrangements to complete the work in a safe
manner.

2.C.3 How to Avoid Routine Exposure to
Hazardous Chemicals

Many chemicals and solutions routinely used in
laboratories present a significant health risk when

handled improperly. The Swiss physician and alche-
mist Theophrastus Phillippus Aureolus Bombastus von
Hohenheim (1493-1541), who took the name Paracel-
sus later in life in homage to Celsus, a Roman physi-
cian, is known as “the father of toxicology.” Paracelsus
is famous for his quote, “What is it that is not poison?
All things are poison and nothing is without poison.
It is the dose alone that makes a thing not a poison”
(Dillon, 1994). Today, in that same spirit, trained labora-
tory personnel are encouraged to reduce personal risk
by minimizing exposure to hazardous chemicals and
by eliminating unsafe work practices in the laboratory.

The OSHA Laboratory Standard defines a hazardous
chemical as one “for which there is statistically signifi-
cant evidence based on at least one study conducted in
accordance with established scientific principles that
acute or chronic health effects may occur in exposed
persons.” Note that this definition is not limited to toxic
chemicals and includes corrosives, explosives, and
other hazard classes. Routes of exposure to hazardous
materials include contact with skin and eyes, inhala-
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e Presents CHP compliance or implementation concerns/
issues to the site/area management.

e Meets and reviews laboratory inspection issues.

e Ensures availability of the CHR

e Maintains site/area documentation for CHR

e Coordinates prior-approval process of chemicals sub-
ject to Occupational Safety and Health Administration
substance-specific standards.

e Coordinates and reviews annual laboratory inspections.

e Coordinates written reports of laboratory inspections and
distributes to management.

e Communicates with site safety office regarding site/area
compliance issues.

e Serves as technical resource for CHP questions and
interpretations.

e Ensures that staff follow the controls identified in the
research safety summaries.

e Shall be knowledgeable of the requirements for procure-
ment, use, and disposal of the chemicals used in their
projects.

e Suggests and implements ways to minimize all chemical
exposures.

e Promptly reports spills, accidents, and employee expo-
sures to the appropriate person.

e Assists during investigations.

e Ensures that an inventory of hazardous materials is main-
tained and updated in accordance with the requirements
of the Maintenance of Hazardous Materials Inventory
procedure, facility safety basis documents, and facility
use agreements.

Staff

e Plans and conducts all research in accordance with Work
Control, the CHE supplemental CHPs, and relevant sub-
ject areas.

e Ensures that hazardous chemicals are procured, labeled,
bar coded, handled, inventoried, stored, used, and
properly disposed of in accordance with laboratory pro-
cedures and the applicable CHP

e Shall be knowledgeable of hazards in their work area
and the proper practices and procedures to minimize
all chemical exposure. Consults available information
sources such as the Material Safety Data Sheet database,
training courses, Web searches, the supervisor, and
health and safety personnel to identify hazards.

e \Xears the appropriate personal protective equipment
and follows the work controls that have been identified.

e Ensures that new hazardous chemicals are bar-coded
and that the inventory is updated as required in the Main-
tenance of Hazardous Materials Inventory procedure.

e Develops good personal chemical hygiene habits.

e Promptly reports spills, accidents, or abnormal events to
immediate line manager.

e Provides feedback to principal investigator, laboratory
space manager, and immediate line manager identify-
ing changes that may have introduced new hazards
for determination of the need for reevaluation of the
research safety summaries and ensuring continuous
improvement.

tion, ingestion, and injection. Acute exposure is defined
as short durations of exposure to high concentrations
of hazardous materials in the workplace. Chronic expo-
sure is defined as continual exposure over a long period
of time to low concentrations of hazardous materials
in the workplace. Overexposure to chemicals, whether
a result of a single episode or long-term exposure, can
result in adverse health effects. These effects are catego-
rized as acute or chronic. Acute health effects appear
rapidly after only one exposure and symptoms include
rashes, dizziness, coughing, and burns. Chronic health
effects may take months or years before they are di-
agnosed. Symptoms of chronic health effects include
joint paint, neurological disorders, and tumors. (For
more information on toxicity of laboratory chemicals,
see Chapter 4, section 4.C.)

In addition to the hazards associated with the chemi-
cals themselves, flammable, reactive, explosive, and
physical hazards may be present in the laboratory. Re-
active hazards include pyrophorics and incompatible
chemicals; explosive hazards include peroxide formers

and powders; and physical hazards include cryogenic
liquids, electrical equipment, lasers, compressed gas
cylinders and reactions that involve high pressure
or vacuum lines. (For more information about these
hazards within a laboratory, see Chapter 4, sections
4.D and 4.E.)

An array of controls exists to protect laboratory per-
sonnel from the hazards listed above. Engineering con-
trols (e.g., laboratory chemical hoods and gloveboxes),
administrative controls (e.g., safety rules, CHPs, and
standard operating procedures), and PPE (e.g., gloves,
laboratory coats, and chemical splash goggles) are all
designed to minimize the risks posed by these hazards.

Work practices to minimize exposure to hazardous
chemicals can be found in Chapter 6.

2.C.4 General Housekeeping Practices in
the Laboratory

Good housekeeping practices in the laboratory has
a number of benefits. For example, in terms of safety,
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Chemical Hygiene Officer (CHO)

e [s given authority by the Director of Safety Services Divi-
sion to provide technical guidance in the development
and implementation of the provisions of the Chemical
Hygiene Plan (CHP).

e |[nterfaces with safety, radiological protection, quality,
health, and other organizations, as requested, on chemi-
cal hygiene matters.

e Knows current policies, procedures, and legal require-
ments concerning use and handling of chemicals in
laboratories (such as Occupational Safety and Health
Administration Laboratory Standard 29 CFR § 1910.1450,
Occupational Exposure to Hazardous Chemicals in
Laboratories).

e Ensures that the CHP is reviewed annually.

Divisional Chemical Hygiene Officer(s) (DCHO)

e [s appointed by division directors (line management) to
assist in the development and implementation of the CHP
and supplemental CHP within their respective division.

e \Works with division management in implementing ap-
propriate chemical hygiene practices. The role of the
DCHO may be performed by division/facility safety
officer/representatives.

e Develops appropriate addendums to the CHE as nec-
essary, to address division-specific hazards or to meet
division-specific requirements.

e Should be knowledgeable in chemical handling, use,
and disposal techniques and requirements.

Laboratory Space Manager

e Maintains a laboratory-space posting for each laboratory.
e Implements laboratory access controls and monitors
compliance.

BOX 2.3
Chemical Hygiene Responsibilities in a Typical Governmental Laboratory

e Communicates hazard and safety information, on a con-
tinuing basis, to researchers and staff using the labora-
tory space.

e Communicates issues concerning the laboratory space
to the laboratory space group leader.

e Periodically conducts walk-throughs of the laboratory
space according to the division or directorate annual
performance plan.

e Acts as a mentor for laboratory occupants, encouraging
safe chemical hygiene practices.

e Assists in preparation of research safety summaries (RSSs)
relevant to his or her assigned laboratory.

Line Management

e Ensures that the staff knows and follows the rules from
the CHP and that it is fully implemented.

e Ensures that laboratory personnel and guests under their
supervision receive appropriate site-specific information
and training on the hazards of the chemicals in the
workplace at the time of their initial assignment.

e Ensures updates are made to RSSs and training when
new chemical hazards are introduced into the workplace.

e Ensures that hazards associated with reaction intermedi-
ates and products that will be synthesized are identified
and analyzed.

e Ensures that appropriate controls are established and
documented in the RSS. Subject matter experts may
provide assistance.

e Ensures that the staff has adequate facilities, personal
protective equipment, equipment, and training to han-
dle and use the chemicals that are currently on inventory
in the laboratories.

e Ensures that the required personal protective equipment
(PPE) is available and in working order and that appropri-
ate training on the use and limitations of PPE has been
provided and documented.

it can reduce the number of chemical hazards (health,
physical, reactive, etc.) in the laboratory and help con-
trol the risks from hazards that cannot be eliminated.
Practices that encourage the appropriate labeling and
storage of chemicals can reduce the risks of mixing
of incompatible chemicals and assist with regulatory
compliance. From a security standpoint, order in the
laboratory makes it easier to identify items out of
place or missing. And finally, good housekeeping can
help reduce scientific error by, for example, reducing

the chances of samples becoming confused or con-
taminated and keeping equipment clean and in good
working order. More information about housekeeping
practices can be found in Chapter 6, section 6.C.3.

2.0 CHEMICAL MANAGEMENT PROGRAM

One of the most important components of a labora-
tory safety program is chemical management. Pru-
dent chemical management includes the following
processes.

Copyright © National Academy of Sciences. All rights reserved.



Prudent Practices in the Laboratory: Handling and Management of Chemical Hazards, Updated Version

ENVIRONMENTAL HEALTH AND SAFETY MANAGEMENT SYSTEM 21

2.D.1 Chemical Procurement

According to the nonmandatory OSHA Laboratory
Standard (Appendix A, section D.2(a), Chemical Pro-
curement, Distribution, and Storage), “Before a substance
is received, information on proper handling, storage,
and disposal should be known to those who will be in-
volved.” The standard further states that “No container
should be accepted without an adequate identifying
label. Preferably, all substances should be received in a
central location.” These procedures are strongly recom-
mended. Personnel should be trained to identify signs
of breakage (e.g., rattling) and leakage (e.g., wet spot
or stain) on shipments and such shipments should be
refused or opened in a hood by laboratory staff.

Some organizations have specific purchasing poli-
cies to prohibit unauthorized purchases of chemicals
and other hazardous materials. The purchaser must
assume responsibility for ownership of the chemical.
Because of the possibility of a chemical leak or release
and subsequent exposure, chemical shipments should
only be received by trained personnel in a laboratory or
central receiving area with proper ventilation. Neither
administrative offices nor the mail room is appropriate
for receipt or opening of chemical shipments.

When preparing to order a chemical for an experi-
ment, several questions should be asked:

e What is the minimum amount of this chemical
that is needed to perform the experiment? Is it
available elsewhere in the facility? Remember,
when ordering chemicals, less is always best. Pru-
dent purchasing methods will save storage space,
money, and disposal costs. Larger containers re-
quire more storage space and will incur additional
disposal costs if the chemical is not used.

* Has the purchase been reviewed by the CHO to
ensure that any special requirements can be met?

¢ Is the proper PPE available in the laboratory to
handle this chemical?

¢ What are the special handling precautions?

¢ Wherewillthechemical bestored inthelaboratory?

* Does the laboratory chemical hood provide
proper ventilation?

® Are there special containment considerations in
the event of a spill, fire, or flood?

¢ Will there be additional costs or considerations
related to the disposal of this chemical?

2.D.2 Chemical Storage

To lessen risk of exposure to hazardous chemicals,
trained laboratory personnel should separate and
store all chemicals according to hazard category and

compatibility. In the event of an accident involving
a broken container or a chemical spill, incompatible
chemicals that are stored in close proximity can mix
to produce fires, hazardous fumes, and explosions.
Laboratory personnel should read the MSDS and heed
the precautions regarding the storage requirements of
the chemicals in the laboratory. A detailed chemical
compatibility table is included in Chapter 5, section
5.E.2, Table 5.1.

To avoid accidents, all chemical containers must be
properly labeled with the full chemical name, not ab-
breviations, and using a permanent marker. All transfer
vessels should have the following label information:

chemical name,

hazard warnings,

name of manufacturer,

name of researcher in charge, and
date of transfer to the vessel.

Incoming chemical shipments should be dated
promptly upon receipt, and chemical stock should
be rotated to ensure use of older chemicals. It is good
practice to date peroxide formers upon receipt and date
again when the container is opened so that the user can
dispose of the material according to the recommenda-
tions on the MSDS. Peroxide formers should be stored
away from heat and light in sealed airtight containers
with tight-fitting, nonmetal lids. Test regularly for
peroxides and discard the material prior to the expira-
tion date. (For more information about storage and
handling of peroxides, see Chapter 4, section 4.D.3.2,
and Chapter 6, section 6.G.3.)

When storing chemicals on open shelves, always use
sturdy shelves that are secured to the wall and contain
%-in. lips. Do not store liquid chemicals higher than 5
ft on open shelves. Do not store chemicals within 18 in.
of sprinkler heads in the laboratory. Use secondary con-
tainment devices (i.e., chemical-resistant trays) where
appropriate. Do not store chemicals in the laboratory
chemical hood, on the floor, in the aisles, in hallways, in
areas of egress, or on the benchtop. Chemicals should
be stored away from heat and direct sunlight.

Only laboratory-grade explosion-proof refrigera-
tors and freezers should be used to store properly
sealed and labeled chemicals that require cool storage
in the laboratory. Periodically clean and defrost the
refrigerator and freezer to ensure maximum efficiency.
Domestic refrigerators and freezers should not be used
to store chemicals; they possess ignition sources and
can cause dangerous and costly laboratory fires and
explosions. Do not store food or beverages in the labo-
ratory refrigerator. (For more information, see Chapter
7, section 7.C.3.)
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Highly hazardous chemicals must be stored in a
well-ventilated secure area that is designated for this
purpose. Cyanides must be stored in a tightly closed
container that is securely locked in a cool dry cabinet
to which access is restricted. Protect cyanide contain-
ers against physical damage and separate them from
incompatibles. When handling cyanides, follow good
hygiene practices and regularly inspect your PPE. Use
proper disposal techniques.

Flammable liquids should be stored in approved
flammable-liquid containers and storage cabinets.
Observe National Fire Protection Association, Inter-
national Building Code, International Fire Code, and
other local code requirements that limit the quantity of
flammables per cabinet, laboratory space, and building.
Consult the local fire marshal for assistance, if needed.
Store odiferous materials in ventilated cabinets. Chemi-
cal storage cabinets may be used for long-term storage
of limited amounts of chemicals.

Rooms that are used specifically for chemical stor-
age and handling (i.e., preparation rooms, storerooms,
waste collection rooms, and laboratories) should be
controlled-access areas that are identified with appro-
priate signage. Chemical storage rooms should be de-
signed to provide proper ventilation, two means of ac-
cess/egress, vents and intakes at both ceiling and floor
levels, a diked floor, and a fire suppression system. If
flammable chemicals are stored in the room, the chemi-
cal storage area must be a spark-free environment and
only spark-free tools should be used within the room.
Special grounding and bonding must be installed to
prevent static charge while dispensing solvents.

2.D.3 Chemical Handling

Important information about handling chemicals can
be found in the MSDS. A comprehensive file of MSDSs
must be kept in the laboratory or be readily accessible
online to all employees during all work shifts. Trained
laboratory personnel should always read and heed the
label and the MSDS before using a chemical for the first
time. Laboratory personnel should be familiar with the
types of PPE that must be worn when handling the
chemical. Ensure that the ventilation will be adequate
to handle the chemicals in the laboratory. One should
be familiar with the institutional CHP and EAP so that
appropriate actions are taken in the event of a chemical
spill, fire, or explosion.

2.D.4 Chemical Inventory

The OSHA Laboratory Standard, Appendix A, sec-
tion D.2(b) (Chemical Procurement, Distribution, and
Storage), states, “Stored chemicals should be exam-
ined periodically (at least annually) for replacement,
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deterioration, and container integrity.” Section D.2(d)
states, “Periodic inventories should be conducted,
with unneeded items being discarded or returned to
the storeroom /stockroom.” Though Appendix A is not
mandatory, compliance with the standard is an element
of good laboratory management. On a basic level, you
cannot safely manage something if you do not know
that you have it on-site. Thus, a system for maintain-
ing an accurate inventory of the laboratory chemicals
on campus or within an organization is essential for
compliance with local and state regulations and any
building codes that apply.

There are many benefits of performing annual physi-
cal chemical inventory updates:

¢ ensures that chemicals are stored according to
compatibility tables,

¢ eliminates unneeded or outdated chemicals,

* increases ability to locate and share chemicals in
emergency situations,

¢ updates the hazard warning signage on the labo-

ratory door,

promotes more efficient use of laboratory space,

checks expiration dates of peroxide formers,

ensures integrity of shelving and storage cabinets,

encourages laboratory supervisors to make “ex-

ecutive decisions” about discarding dusty bottles

of chemicals,

* repairs/replaces torn or missing labels and broken
caps on bottles,

* ensures compliance with all federal, state, and
local record-keeping regulations,

* promotes good relations and a sense of trust with
the community and the emergency responders,

¢ reduces the risk of exposure to hazardous materi-
als and ensures a clean and healthful laboratory
environment, and

* may reduce costs by making staff aware of chemi-
cals available within the organization.

Every laboratory should maintain an up-to-date
chemical inventory. A physical chemical inventory
should be performed at least annually, or as requested
by the CHO. Although the software that is used to
maintain the inventory and the method of performing
the chemical inventory will vary from one institution
to another, ultimately, the chemical inventory should
include the following information:

chemical name,

Chemical Abstract Service number,
manufacturer,

owner,

room number, and

location of chemical within the room.
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Note that the chemical name should be listed with
its synonyms. This will allow for cross-indexing for
tracking of chemicals and help reduce unnecessary
inventory.

Important safety issues to consider when performing
a chemical inventory are:

* Wear appropriate PPE and have extra gloves
available.

® Use a chemical cart with side rails and secondary
containment.

* Use a laboratory step stool to reach chemicals on
high shelves.

® Read the EAP and be familiar with the institu-
tion’s safety equipment.

¢ If necessary cease all other work in the laboratory
while performing the inventory.

Once the inventory is complete, use suitable security
precautions regarding the accessibility of the informa-
tion in the chemical inventory. For example, precau-
tions should be taken when the database shows the
location of Department of Homeland Security (DHS)
Chemicals of Interest in excess of DHS threshold quan-
tities. (For more information about laboratory security,
see Chapter 10.)

2.D.5 Transporting, Transferring, and
Shipping Chemicals

It is prudent practice to use a secondary containment
device (i.e., rubber pail) when transporting chemicals
from the storeroom to the laboratory or even short dis-
tances within the laboratory. When transporting sev-
eral containers, use carts with attached side rails and
trays of single piece construction at least 2 in. deep to
contain a spill that may occur. Bottles of liquids should
be separated to avoid breakage and spills. Avoid
high-traffic areas when moving chemicals within the
building. When possible, use freight elevators when
transporting chemicals and do not allow other pas-
sengers. If you must use a general traffic elevator, ask
other passengers to wait until you have delivered the
chemicals.

Always ground and bond the drum and receiving
vessel when transferring flammable liquids from a
drum to prevent static charge buildup. Use a prop-
erly operating chemical fume hood, local exhaust, or
adequate ventilation, as verified by monitoring, when
transferring PHSs.

All outgoing domestic and international chemical
shipments must be authorized and handled by the
institutional shipper. The shipper must be trained in
U.S. Department of Transportation (DOT) regulations
for ground shipments and must receive mandatory

International Air Transport Association training for air
shipments. DOT oversees the shipment of hazardous
materials and has the authority to impose citations
and fines in the event of noncompliance. (For more
detailed information on the shipment of chemicals, see
Chapter 5, section 5.F.)

2.D.6 Chemical Waste

All chemical waste must be stored and disposed of
in compliance with applicable federal, state, local, and
institutional regulatory requirements. Waste containers
should be properly labeled and should be the mini-
mum size that is required. There should be at least 2 in.
of headspace in the liquid waste container to avoid a
buildup of gas that could cause an explosion or a con-
tainer rupture. (For more information about handling
of hazardous waste, see Chapter 8.)

2.E LABORATORY INSPECTION PROGRAM

A program of periodic laboratory inspections helps
keep laboratory facilities and equipment in a safe op-
erating condition. Inspections safeguard the quality of
the institution’s laboratory safety program. A variety
of inspection protocols may be used, and the organi-
zation’s management should select and participate in
the design of the inspection program appropriate for
that institution’s unique needs. The program should
embrace the following goals:

* Maintain laboratory facilities and equipment in a
safe, code-compliant operating condition.

* Provide a comfortable and safe working environ-
ment for all personnel and the public.

¢ Ensure that all laboratory activities are conducted
in a manner to avoid employee exposure to haz-
ardous chemicals.

¢ Ensure that trained laboratory personnel follow
institutional CHPs.

Approach these goals with a degree of flexibility.
Consider the different types of inspection, the fre-
quency with which they are conducted, and who
conducts them. A discussion of items to inspect and
several possible inspection protocols follows, but is
not all-inclusive.

Laboratory inspections are performed by EHS staff,
the CHO, the safety director, laboratory staff, a safety
committee, or an outside entity with the requisite quali-
fications and experience. The inspection checklist can
include sections on chemical storage, chemical waste,
housekeeping, PPE, laboratory chemical hoods, gas
cylinder storage, emergency safety equipment, signs
and labels, and facility issues.
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Following each inspection, a detailed report is sent
to the laboratory supervisor and appropriate admin-
istration. Photographs taken during the inspection
process can emphasize the critical nature of a violation.
Consider giving special recognition to laboratories
demonstrating good laboratory practice and those that
have demonstrated significant improvements in safety.

2.E.1 Types of Inspection Programs: Who
Conducts Them and What They Offer

There are several types of inspection programs, each
providing a different perspective and function. A com-
prehensive laboratory inspection program includes a
combination of some or all of these programs.

2.E.1.1 Routine Inspections

Trained laboratory personnel and supervisors
should complete general equipment and facility in-
spections on a regular basis. For certain types of equip-
ment in constant use, such as gas chromatographs,
daily inspections may be appropriate. Other types of
equipment may need only weekly or monthly inspec-
tion or inspection prior to use if operated infrequently.
Keep a record of inspection attached to the equipment
or in a visible area. The challenge for any inspection
program is to keep laboratory personnel continuously
vigilant. They need positive encouragement to develop
the habit of inspection and to adopt the philosophy
that good housekeeping and maintenance for their
workspace protect them and may help them produce
better research results.

2.E.1.2 Self-Audits

To supplement an inspection program, some institu-
tions promote self-inspections within the laboratories.
Laboratory personnel may conduct their own inspec-
tions for their own benefit or management may ask
them to self-audit and report their findings, using the
routine inspections as a check on the self-inspections.
This approach can be mutually beneficial, raising
awareness, promoting the institutional safety culture,
and easing the burden on management.

2.E.1.3 Program Audits

A program audit includes both a physical inspec-
tion and a review of the operations and the facilities.
This type of audit is generally conducted by a team,
which includes the laboratory supervisor, senior man-
agement, and laboratory safety representatives, and
presents an excellent opportunity to promote a culture
of safety and prudence within an organization. The su-
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pervisor and senior management have the opportunity
to take a close look at the facilities and operations. They
can discuss with individual workers issues of interest
or concern that may fall outside the scope of the actual
inspection. A constructive and positive approach to
observed problems and issues fosters an attitude of
cooperation and leadership with regard to safety and
helps build and reinforce a culture of teamwork and
cooperation that has benefits far beyond protecting
personnel and the physical facilities.

The audit begins with a discussion of the safety
program and culture, and a review of operations, writ-
ten programs, training records, and pertinent policies
and procedures and how they are implemented in the
laboratory. A laboratory inspection that includes inter-
views with laboratory personnel follows to determine
the level of safety awareness. An open discussion with
key personnel can ascertain how personnel, supervi-
sors, managers, and safety officers can better support
each other.

This type of audit provides a much more comprehen-
sive view of the laboratory than a routine inspection.

2.E.1.4 Peer Inspections

One of the most effective safety tools a facility can
use is periodic peer-level inspections. Usually, the peo-
ple who fulfill this role work in the organization they
serve, but not in the area being surveyed. Personnel
may participate on an ad hoc basis, or the institution
may select specific individuals to be part of a more for-
mal, ongoing inspection team. A peer inspection pro-
gram has the intrinsic advantage of being perceived as
less threatening than other forms of surveys or audits.

Peer inspections depend heavily on the knowledge
and commitment of the people who conduct them.
Individuals who volunteer or are selected to perform
inspections for only a brief time may not learn enough
about an operation or procedure to observe and com-
ment constructively. People who receive involuntary
appointments or who serve too long may not maintain
the desired level of diligence.

A high-quality peer-level inspection program re-
duces the need for frequent inspections by supervi-
sory personnel. However, peer inspections should not
replace other inspections completely. Walk-throughs
by the organization’s leadership demonstrate com-
mitment to the safety programs, which is key to their
continuing success.

2.E.1.5 Environmental Health and Safety
Inspections

The organization’s EHS staff, the safety committee,
or an equivalent group may also conduct laboratory
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inspections on a routine basis. These inspections may
be comprehensive, targeted to certain operations or
experiments, focused on a particular type of inspec-
tion such as safety equipment and systems, or audits
to check the work of other inspectors.

Safety staff are not the only nonlaboratory person-
nel who may conduct safety inspections. Facility
engineers or maintenance personnel may add con-
siderable value to safety inspection programs. They
are also given the opportunity to gain a better per-
spective on laboratory work. It is advisable to have
a representative from facilities engineering present
during inspections so physical deficiencies can be
appropriately and clearly noted and understood and
priorities set for correction.

2.E.1.6 Inspections by External Entities

Many types of elective inspections or audits are
conducted by outside experts, regulatory agencies,
emergency responders, or other organizations. They
may inspect a particular facility, equipment, or proce-
dure either during the preexperiment design phase or
during operations. As a matter of safety and security, if
someone requests entry to a laboratory for the purpose
of an audit without a recognized escort, ask to see his
or her credentials and contact the EHS office or other
appropriate parties.

Tours, walk-throughs, and inspections by regulatory
or municipal organizations offer the opportunity to
build relationships with governmental agencies and
the public. For example, an annual visit by the fire
department serving a particular facility will acquaint
personnel with the operations and the location of par-
ticular hazards. If these individuals are ever called into
the facility to handle an emergency, their familiarity
with it will make them more effective. During their
walk-through, they may offer comments and sugges-
tions for improvements. A relationship built over time
helps make this input positive and constructive.

If a pending operation or facility change may raise
public attention and concern, an invitation targeted to
specific people or groups may prevent problems. Hold-
ing public open houses from time to time helps build
a spirit of support and trust. Many opportunities exist
to apply this type of open approach to dealing with the
public. An organization only needs to consider when to
use it and what potential benefits may accrue.

Inspections and audits by outside consultants or peer
institutions are especially helpful to identify both best
practices and vulnerabilities. Many times, the inspec-
tors bring with them experiences and examples from
other laboratories that prove useful. When choosing a
consultant, best practice is to find one with experience

conducting similar audits of peer institutions. More
and more often, health and safety experts, facilities
staff, and laboratory personnel from peer institutions
form inspection teams that conduct inspections of each
other’s laboratories. Such an arrangement can be ben-
eficial and economical.

Many regulatory agencies promote institutions
conducting self-audits, by either consultants or peer
auditors, and reporting the findings to the agency.
As an incentive, any violations noted in the self-audit
may result in reduced or waived fines and fewer visits
from the agency inspectors. It is important to fully
understand the regulatory agency’s self-reporting
policy before implementing this option. In some cases,
the institution must commit to remediating identified
deficiencies within a specific time period.

Finally, regulatory agencies may conduct announced
or unannounced inspections on a routine or sporadic
basis. Laboratories and institutions should keep their
programs and records up-to-date at all times to be
prepared for such inspections. Any significant inci-
dent or accident within a facility may trigger one or
more inspections or investigations by outside agen-
cies. Evidence that the underlying safety programs are
sound may help limit negative findings and potential
penalties.

2.E.2 Elements of an Inspection

2.E.2.1 Preparing for an Inspection

Whether an inspection is announced or unan-
nounced depends on the objective. There are many
advantages to announcing an inspection ahead of
time. By announcing and scheduling inspections, the
inspectors are more likely to interact with the labora-
tory personnel and the supervisors. The inspection can
be a good learning experience for all and will feel less
like a safety-police action and more like a value-added
service, with the right attitude and approach. How-
ever, if the objective is to observe real-time conditions
in preparation for a regulatory inspection, an unan-
nounced targeted inspection might be appropriate.

Before the inspection, have a checklist of inspection
items, along with the criteria and the basis for each
issue. The criteria may be based on regulations, insti-
tutional policies, or recommended practices. Sharing
the checklist with laboratory personnel prior to the
inspection helps them perform their own inspections
before and periodically after the inspection.

Bring a camera. A photograph is much more effective
than a long explanation in convincing a manager that
something needs attention.
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2.E.2.2 Inspection Checklists

Inspection checklists take a variety of formats and
vary in length depending on the type and focus of the
inspection. Although most inspection forms are paper,
some are computer based. Make each inspection item
a YES or NO question. Pose the issue so that a positive
outcome is a YES, making it easy to spot problems.
Always leave room for comments.

There are a number of commercial products on the
market offering Web-based applications that work on
a laptop or notebook computer. Checklist programs
are available for handheld digital devices. Some may
download into spreadsheets or word-processing pro-
grams. Others automatically create reports that can be
e-mailed to recipients. All are intended to streamline
the record-keeping and reporting process.

2.E.2.3 Conducting the Inspection

When conducting an inspection, interacting with
the individuals in the laboratory is important. Even if
inspectors are mainly looking at equipment and con-
ditions, laboratory personnel can provide a great deal
of information and the conversation itself may foster
positive relationships between laboratory personnel
and the group conducting the inspection. Speaking
with laboratory personnel also helps gauge how well
training programs are working and provides feedback
for possible improvements to the laboratory safety
program.

Take notes and make comments on the inspection
form to be able to recall the details and describe any
problems in the report. Where possible, take photo-
graphs of issues that need particular attention.

Point out problems as they are found and show
laboratory personnel how to fix them. If the problem
is corrected during the inspection, make a note that it
was resolved.

2.E.2.4 Inspection Report

As soon as possible after an inspection, prepare a
report for the laboratory supervisor and others, as
appropriate. This may include the CHO, the chair
or manager of the department, line supervisors, and
directors. Depending on the type and focus of the in-
spection, it may be helpful to hold a meeting with the
key individuals to review the findings.

The report should include all problems noted during
the inspection, along with the criteria for correcting
them. If photographs were taken, include them in the
report. The report should also note any best practices
and any improvements since the last inspection.

Include a reasonable time line for corrective actions.
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Be sure to follow up with the laboratory to ensure that
recommended corrections are made.

2.E.2.5 Corrective Actions

In most cases, laboratory personnel will take the ap-
propriate corrective actions once they have been made
aware of an issue. If the laboratory supervisor is not
supportive and the necessary changes are not made,
the inspectors and EHS and other appropriate indi-
viduals in the organization will have to decide whether
the infractions are serious enough to put either the
health or safety of laboratory personnel at risk or the
institution at risk for violation of a regulation or code.

The organization must decide what steps to take for
those individuals or laboratory groups that are using
unsafe work practices or are not in compliance with
institutional policies or external regulations.

2.E.3 Items to Include in an Inspection
Program

The following list is representative, not exhaustive:

® Required PPE is available and used consistently
and correctly (e.g., laboratory coat, gloves, safety
glasses, chemical splash goggles, face shield).

e Compressed gas cylinders are secured correctly,
cylinders are capped if not connected for use, and
proper regulators are used.

¢ Limitations on where food and drink storage and
eating and drinking are allowed are observed.

® Electrical cords are off surfaces where spills of
flammable materials are likely, and cords are in
good condition, not displaying signs of excessive
wear (fraying, cords are not pinched). Equipment
not meeting National Electrical Safety Code Divi-
sion 1, Group C and D explosion-resistance speci-
fications are electrically inspected prior to use in
the laboratory. (See Chapter 7, section 7.C.)

¢ Laboratory chemical hoods have been tested and
are operated with inspection information visible,
hoods are used properly, work is conducted inside
6 in. from hood face, airflow is not significantly
impeded by large pieces of equipment.

® Vacuum glassware is inspected and maintained
in good condition, pressure reaction vessels
with pressure relief and temperature/pressure
measuring capability are used for high-pressure
reactions.

¢ Health classification of materials is conducted
(particularly for unknown compounds), and as-
sociated work practices and containment based on
hazard /risk classification of the material are fol-
lowed (e.g., low hazard, hazardous, particularly
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hazardous materials and associated requirements
for use of ventilated enclosures, disposal of waste,
labeling of areas where work with high-hazard
materials is conducted, decontamination of work
surfaces).

* Access to emergency equipment is unobstructed
(e.g., safety showers, eyewash units, fire extin-
guishers), and equipment is maintained in good
working order. Aisles are unobstructed and mini-
mum egress is maintained. Minimum clearance to
sprinkler heads, as required by local building and
fire codes, is maintained.

¢ Chemicals are properly stored and segregated
(e.g., flammables, strong acids, strong bases,
peroxides).

* Personnel demonstrate ability to access MSDSs or
other chemical safety references and knowledge of
handling requirements for various classifications
of materials.

¢ Rotating machinery and high-temperature de-
vices have appropriate guards. Safety switches
and emergency stops are working.

* Associated egress corridors are unobstructed and
minimum egress as required by building and fire
codes is maintained. Combustible and surplus
materials and equipment are removed from exit
passageways.

Depending on the laboratory and the type of work
conducted in it, other items may also be targeted for
inspection (Box 2.4).

2.F EMERGENCY PROCEDURES

2.F.1 Fire Alarm Policy

When a fire alarm sounds in the facility, evacuate the
laboratory immediately via the nearest exit. Extinguish
all Bunsen burner and equipment flames. If the fire
originates in your laboratory, follow all institutional
policies regarding firefighting and suppression. Check
restrooms and other areas with possible limited audio
or visual notification of an alarm before exiting the
facility. Where necessary, provide assistance to per-
sons with disabilities to ensure they are able to exit
the facility.

2.F.2 Emergency Safety Equipment
The following is a guide to safety equipment found

in a laboratory.

1. A written EAP has been developed and com-
municated to all personnel in the unit. The plan
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BOX 2.4
Excerpt from an
Inspection Checklist®
Department/Group/Laboratory:
Inspector:
Date:
Building and Room:
Laboratory Supervisor:
LABORATORY ENVIRONMENT
Work areas illuminated N NA
Storage of combustible materials minimized N NA
Aisles and passageways are clear and N NA
unobstructed
Trash is removed promptly N NA
No evidence of food or drink in active N NA
laboratory areas
Wet surfaces are covered with nonslip N NA
materials
Exits are illuminated and unobstructed N NA
Proper management of hazardous materials N NA

and waste

COMMENTS:

Other elements of the checklist can include:

e Emergency equipment and planning
e Personal protective equipment

e Signs, labels, plans, and postings

e Electrical hazards

e Storage

e Compressed gases and cryogenics

e Pressure and vacuum systems

e [aboratory hoods and ventilation

e Security

e Training/awareness

aFor a full checklist, see the CD that accompanies this

book.

includes procedures for evacuation, ventilation
failure, first aid, and incident reporting.

Fire extinguishers are available in the laboratory
and tested on a regular basis. If a fire extinguisher
is activated for any reason, make an immediate
report of the activity to the CHO, fire marshal,
or appropriate individual responsible for fire
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safety equipment so that the fire extinguisher is
replaced in a timely manner.

3. Eyewash units are available, inspected, and

tested on a regular basis.

Safety showers are available and tested routinely.

5. Fire blankets are available in the laboratory, as
required. Fire blankets can be used to wrap a
burn victim to douse flames as well as to cover
a shock victim and to provide a privacy shield
when treating a victim under a safety shower in
the event of a chemical spill.

e

NOTE: Laboratory personnel should be taught
that fire blankets can be dangerous if used incor-
rectly. Wrapping a fire blanket around a person
on fire can result in a chimney-like effect that
intensifies, rather than extinguishes, the fire.
Fire blankets should never be used on a person
when they are standing. (See Chapter 7, section
7.E2.3 for more information on responding to
fires.)

6. First-aid equipment is accessible, whether
through a kit available in the laboratory or by
request through the organization.

7. Fire alarms and telephones are available and ac-
cessible for emergency use.

8. Pathways to fire extinguishers, eyewash units,
fire blankets, first-aid kits, and safety showers
are clear.

2.F.3 Chemical Spill Policy

Laboratory personnel should be familiar with the
chemical, physical, and toxicological properties of
each hazardous substance in the laboratory. Consult
the label and the MSDS prior to the initial use of each
hazardous substance. Always use the minimal amount
of the chemical and use caution when transporting the
chemical. In the event of an accidental chemical release
or spill, personnel should refer to the following general
guidelines.

Most laboratory workers should be able to clean up
incidental spills of the materials they use. Large spills,
for example, 4 L or more, may require materials, pro-
tective equipment, and special handling that make it
unsafe for cleanup by laboratory workers themselves.
Lab workers should be instructed to contact EHS per-
sonnel to evaluate how to proceed with spill cleanup.

In the event that the spill material has been released
to the environment, notify EHS personnel immediately.
A release to the environment includes spills directly
into a drain or waterway or onto land, such as grass
or dirt.
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Low-flammability and low-toxicity materials that
are not volatile (e.g., inorganic acids and caustic
bases)

1. Decontaminate any victim at the nearest safety
shower or eyewash unit. Take other appropriate
action as described in the MSDS.

Notify appropriate personnel immediately.*

Limit or restrict access to the area as necessary.

4. Wear PPE that is appropriate to the degree of
hazard of the spilled substance.

5. Use chemical spill kits that contain an inert ab-
sorbent to clean up the affected area if this action
can be accomplished without risk of additional
injury or contamination to personnel. If the spill
is located on the laboratory floor, be aware that
some absorbents can create a slipping hazard.

6. Dispose of contaminated materials according to
institutional policy.

7. Complete an incident report and submit it to the
appropriate office or individual.

8. Label all phones with emergency phone numbers.

S

Flammable solvents of low toxicity (e.g., diethyl
ether and tetrahydrofuran)

1. Decontaminate any victims at the nearest safety
shower or eyewash unit. Take other appropriate
action as described in the MSDS.

2. Alert all other personnel in the laboratory and
the general vicinity of the spill.

3. Extinguish all flames and turn off any spark-
producing equipment. If necessary, turn off
power to the laboratory at the circuit breaker.
The ventilation system must remain operational.

4. Immediately notify appropriate personnel.*

Limit or restrict access to the area as necessary.

6. Wear PPE that is appropriate to the degree of
hazard of the spilled substance.

7. Use spill pillows or spill absorbent and nonspar-
king tools to soak up the solvent as quickly as
possible. Be sure to soak up chemicals that have
seeped under equipment and other objects in the
laboratory. If the spill is located on the laboratory
floor, be aware that some absorbents can create a
slipping hazard.

8. Dispose of contaminated materials according to
institutional policy.

9. Complete an incident report and submit it to the
appropriate office or individual.

o1

“The person to notify in case of an incident in the laboratory var-
ies by organization. It may be the CHO, the safety director, on-site
security, or another party. Check with the organization to determine
the appropriate individual or office.
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Highly toxic materials (e.g., dimethylmercury)

1. Alertall trained laboratory personnel in the labo-
ratory and the general vicinity of the spill and
immediately evacuate the area.

2. Decontaminate any victims at a safety shower

or eyewash unit in a safe location. Take other

appropriate decontamination action as described
in the MSDS.

Immediately notify appropriate personnel.*

Limit or restrict access to the area as necessary.

5. Do not attempt to clean up the spill. EHS person-
nel will evaluate the hazards that are involved
with the spill and will take the appropriate
actions.

6. Only EHS personnel and appropriate outside in-
dustrial hygienists are authorized to decontami-
nate the area and dispose of the contaminated
waste.

7. Complete an incident report and submit it to the
appropriate office or individual.

Ll

2.F.4 Accident Procedures

In the event of an accident, follow all institutional
policies for emergency response and notify the internal
point of contact for laboratory safety and local emer-
gency responders. All accidents involving personal in-
jury, however slight, must be immediately reported ac-
cording to your institution’s procedure. Provide a copy
of the appropriate MSDS to the attending physician, as
needed. Complete an accident report (Figure 2.2) and
submit it to the appropriate office or individual within
24 hours of the incident.

2.G  EMPLOYEE SAFETY
TRAINING PROGRAM

Newly hired employees or students working in a
laboratory should be required to attend basic safety
training prior to their first day. Additional training
should be provided to laboratory personnel as they
advance in their laboratory duties or when they are
required to handle a chemical or use equipment for
the first time.

Safety training should be viewed as a vital com-
ponent of the laboratory safety program within the
organization. The organization should provide ongo-
ing safety activities that serve to promote a culture of
safety in the workplace that will begin when the person
begins work and will continue for the length of their
tenure. Personnel should be encouraged to suggest
or request training if they feel it would be beneficial.
The training should be recorded and related docu-
ments maintained in accordance with organizational
requirements.

Training sessions may be provided in-house by
professional trainers or may be provided via online
training courses. Hands-on, scenario-based training
should be incorporated whenever possible. Safety
training topics that may prove to be helpful to labora-
tory personnel include

e use of CHPs and MSDSs,

¢ chemical segregation,

e PPE,

¢ safety showers and eyewash units,

e first aid and cardiopulmonary resuscitation,
¢ chemical management,

® gas cylinder use,

e fire extinguisher training,

e laser safety, and

* emergency procedures.
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Personal Data

Employee/Student Case No.
Name

Employee/Student

Phone No.

Employee/Student Investigation Date
Dept.
Employee Supervisor Investigator Name

Event Details
Employee/Student Statement (Description of event—before, during, and after)

Work Related? Yes [ No [ Body Part Injured
Event Date/Time / Event Location [lab, corridor, stairs, outside, etc.]
Reported Injury Date/Time / Specific Location [building, floor, room, column]
O Observation/Near Miss O First Aid O MTBFA (OSHA)
Injury Severity
0 Work Restrictions [ Lost Time Restriction
[l Allergen Exposure [l Bitten By o Car/Truck/Motorized
Vehicle
[1 Caught In/Between [1 Contact with Chemical [ Contact with Hot
Surface
Accident Type [ Environmental Exposure 0 Ergonomic [l Needle Stick
1 Pushing/Pulling [ Slip/Trip/Fall [1 Struck Against
1 Struck By 0 Twist/Turn (1 Other
Device Type Device Brand

Contaminated Sharp Involved
Needle Stick

FIGURE 2.2 Accident report form.
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EMERGENCY PLANNING

3.A INTRODUCTION

Although most laboratory personnel are prepared to
handle incidental spills or minor chemical exposures,
many other types of emergencies can affect a laboratory,
ranging from power outages to floods or intentional
malicious acts. Some may have long-term consequences
and may severely affect the continuity of laboratory
operations. Although these issues must be considered
on an organizational level, laboratory personnel should
be trained in how to respond to large-scale emergen-
cies. Laboratory security can play a role in reducing the
likelihood of some emergencies and assisting in prepa-
ration and response for others. (For more information
about laboratory security, see Chapter 10.)

There are four major phases to managing an
emergency: mitigation, preparedness, response, and
recovery.

The mitigation phase includes efforts to minimize
the likelihood that an incident will occur and to limit
the effects of an incident that does occur. Mitigation
efforts may be procedural, such as safe storage of ma-
terials, or physical, such as a sprinkler system.

The preparedness phase is the process of developing
plans for managing an emergency and taking action
to ensure that the laboratory is ready to handle an
emergency. This phase might include ensuring that
adequate supplies are available, training personnel,
and preparing a communication plan.

The response phase involves efforts to manage
the emergency as it occurs and may include outside
responders as well as laboratory staff. The response
is more effective and efficient when those involved in
it understand their roles, have the training to perform
their duties, and have the supplies they need on hand.

The recovery phase encompasses the actions taken
to restore the laboratory and affected areas to a point
where the functions of the laboratory can be carried
out safely. Usually, these actions restore the laboratory
to its previous condition; however, this stage provides
an opportunity for improvement.

The four phases are interconnected. Effective mitiga-
tion efforts reduce the impact of the emergency and
ease the response and recovery stages. Lessons learned
during an emergency may lead to further mitigation
and preparedness efforts during the recovery phase.
Good planning in the preparedness stage makes the
response and recovery less complicated. However, a
plan is not a substitute for thinking. It offers guidance
and helps prepare for emergencies. It is not intended
to replace analyzing the situation and formulating the
best response based on the resources and situation at
hand.
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3.B PREPLANNING

Every institution, department, and individual labo-
ratory should have an emergency preparedness plan.
The level of detail of the plan will vary depending on
the function of the group and institutional planning
efforts already in place.

Planning proceeds in several steps. First, determine
what types of incidents are most likely to occur to de-
termine the type and magnitude of planning required.
This will require input from multiple levels of the or-
ganization, and discussions with laboratory personnel
should be integral to the process. Next, decide who
the decision makers and stakeholders are and how to
handle communications. Then, do the actual plan for
the types of emergencies identified in the first step. Fi-
nally, train staff in the procedures outlined in the plan.

Emergency planning is a dynamic process. As per-
sonnel, operations, and events change, plans need
updating and modification.

It is not possible to account for every emergency.
When handling an emergency, do not use the plan as
a recipe; use it as a list of ingredients and guidance.

3.B.1 Vulnerability Assessment

To determine the type and level of emergency plan-
ning needed, laboratory personnel need to perform a
vulnerability assessment. What kinds of emergencies
are most likely? What is the possible effect on labora-
tory operations?

For every potential emergency, the group should
consider the history of occurrence in their laboratory
or institution and at institutions with similar circum-
stances. The group should evaluate how the emergency
would affect the laboratory, for example, damage to
critical equipment, staffing limitations, loss of data,
and the severity of the resulting conditions on labora-
tory operations. Making a list of available emergency
response equipment and the location of that equipment
assists in this task.

When planning, especially when determining where
to spend time and resources, use impact/occurrence
mapping (Figure 3.1). Where time and/or resources
are limited, focus attention on events that would have
higher impact and higher likelihood, and less attention
on issues that are unlikely to occur or would have little
impact.

The types of incidents and emergencies to consider
vary depending on the type of laboratory, geographical
location, and other factors that are unique to an institu-
tion or laboratory. The following sections cover most
common issues faced in laboratories.
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FIGURE 3.1 Impact/Likelihood ofoccurrence mapping.

3.B.1.1 Fire

Afire could occur in any laboratory but is more likely
where chemicals such as flammable liquids, oxidizers,
and pyrophoric compounds are stored and used. Con-
sider the amount of combustible materials in the labo-
ratory, potential ignition sources, and any other factors
that increase the potential for fire. Some equipment is
vulnerable even to minor smoke damage, such as laser
optics, and plates used for semiconductor work.

Assess the impact of a fire. Does the laboratory con-
tain mission-critical equipment that could be damaged
by fire or smoke? Are there smoke detectors in place?
Are there detectors for hazardous vapors and gas? Is
there a sprinkler system or other automatic extinguish-
ing system? Are the correct type and number of fire
extinguishers present and do people know how to use
them? If possible, fire extinguisher training should
involve practice putting out fires.

3.B.1.2 Flood

Floods could be due to rain, rising levels of bodies
of water, water pipe breaks, or accidental or deliber-
ate acts. Some areas are more prone to floods than
others. Laboratories on the basement or ground level
are more likely to be flooded in a storm than those on

higher floors. Safety showers and eyewash stations that
are not properly plumbed or do not have floor drains
nearby may also be a source of flooding. Consider the
likelihood of flooding and its impact. Also consider
whether the laboratory contains equipment that is very
sensitive to water damage. If flooding occurs, could it
affect the space below the flood? If so, is the floor sealed
appropriately? Are there overhead pipes?

3.B.1.3 Severe Weather

Storms and flooding can disrupt power, cause dam-
age to buildings, and result in impassable roads. In
severe cases, a local state of emergency in response to
weather could close roads to all but essential travel. In
areas that are prone to tornadoes or hurricanes, con-
sideration should be given to the adequate protection
of critical hazardous operations. For example, in some
areas, hydrogen cylinders and liquid nitrogen tanks are
located outside the building. It may be sensible in some
areas to locate lab space away from outside windows.

If there are travel restrictions, would anyone be able
to reach the laboratory? If so, is there a means of com-
munication to inform the individual(s) able to travel
that they need to do so? Are there operations that run
unattended? What possible problems could arise if no
one is able to come to the laboratory for a day, a few

Copyright © National Academy of Sciences. All rights reserved.



EMERGENCY PLANNING

days, or longer? Have rally points been identified and
shelter-in-place protocols distributed in areas where
tornadoes occur?

3.B.1.4 Seismic Activity

Laboratories in areas where seismic activity is com-
mon should take special precautions to secure and
restrain equipment and chemicals within a laboratory.
Consideration should be given to the damage that
could be caused by falling equipment. An earthquake
can render a building unusable for days or months or
cause it to be condemned. Note that the earthquake
may cause secondary hazards such as gas leaks, fires,
chemical spills, electrical hazards, broken glass, re-
duced structural integrity of buildings, and flooding
from broken water pipes.

Is all freestanding equipment that may shift or fall
during an earthquake secured appropriately? Are
plumbed connections to that equipment, including
gas and water lines, flexible to allow for movement?
Are items stored on open shelves appropriately orga-
nized (e.g., heavier items below, appropriate lips on
the shelving, restraints where necessary)? If multiple
containers fall and are damaged during a quake, is
there potential for incompatible chemicals to come in
contact? Are all compressed gas cylinders secured in
accordance with the guidance in Chapter 5, section
5.E.67 Also consider the likelihood of other sensitive
equipment, such as computers and analytical equip-
ment, falling to the ground. If possible, secure those
items to the desk or benchtop. How will continuity of
operations be maintained in the event that the labora-
tory is inaccessible for a significant period of time?

3.B.1.5 Extensive Absences Due to lliness

Although pandemic planning is something that all
institutions should complete, other circumstances,
such as foodborne illnesses or communicable diseases
could result in a large percentage of laboratory per-
sonnel unable to come to the laboratory for a short or
extended period.

Some experts have estimated that in the event of pan-
demic influenza, an institution or laboratory may expe-
rience a 50% reduction in workforce for a period of 4 to
8 weeks. How might this affect laboratory operations?
Are there experiments that cannot be suspended? Have
laboratory personnel been cross-trained to be able to fill
in for a person who is absent?

3.B.1.6 Hazardous Material Spill or Release

Incidental spills may happen at any time. Most are
easily managed by laboratory personnel. Are there
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large stores of chemicals in the laboratory or building?
What are the most hazardous materials and what are
the consequences of a release of those materials? Does
the laboratory have sufficient spill control materials to
handle any spill?

Some spills may be too large or too hazardous for
laboratory personnel to clean up safely. What plans are
in place in the event assistance is needed?

Consider the likelihood of an environmental release
to the ground, air, or sewer. What procedures are in
place to report such an incident and remediate it?

Are there unusually hazardous gases or materials
that should be continuously monitored to detect a spill
or leak? If such monitoring is in place, does it sound an
alarm or send a signal? Where does that signal go (e.g.,
to security personnel, local only)? Are staff fully trained
in how to respond and who to contact?

3.B.1.7 High-Profile Visitors

Visiting dignitaries and other individuals with some
level of fame or notoriety can attract negative atten-
tion from protesters, paparazzi, and others who want
to make their opinion known. In some cases, acts of
civil disobedience may occur that impede access to
the building and interrupt operations. Consider the
security risks and how your institution handles such
matters.

3.B.1.8 Political or Controversial Researchers or
Research

Certain types of research and outspoken research-
ers with controversial views may engender protests,
hate mail, and other concerns. There is the possibility
that protestors may engage in civil disobedience in
response. The vulnerabilities may vary from nuisance
issues to more serious matters. Consider the level of
security in and around the lab, mail handling, and
other factors. Ensure procedures are in place to deal
with these situations effectively, such as screening of
incoming mail with irradiation procedures if deemed
necessary.

3.B.1.9 Intentional Acts of Violence or Theft

Planning for and preventing intentional acts (includ-
ing theft, sabotage, or terrorism) are difficult, especially
if they are conducted by individuals within the labora-
tory or organization. The scale of the event will deter-
mine the extent of the disruption for a laboratory. If the
act only affects one experiment or material, disruption
will likely be minimal. However, acts of violence or
theft that target a laboratory or building could cause
significant disruption of laboratory operations. High-
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profile, destructive acts of terrorism can also have an
effect on laboratory operations, even if they occur in
another locale. In such cases, lockdowns of buildings,
instructions to shelter in place or to evacuate, and
simple distraction of laboratory personnel from their
work can affect the laboratory environment. Any activ-
ity that causes significant damage to a building, such
as an explosion, can have an effect similar to that of
seismic activity.

Consider the history of such events at the institution,
at similar institutions, and in the geographical area.
Is there a known cause for concern? Are laboratory
personnel prepared and trained in case of a shelter-in-
place emergency? Are all emergency contact numbers
posted in a high-visibility area? Has a rally or gather
point been designated in case of evacuation of the
laboratory?

3.B.1.10 Loss of Laboratory Materials or
Equipment

Equipment, chemicals, samples, or other materials in
the laboratory could be lost due to theft, sabotage, fire,
flood, or other events. Think about the materials and
equipment in the laboratory and consider the impact
of their loss.

Planning for loss of such equipment is prudent. Keep
purchasing and other records that would be helpful for
an insurance claim. If equipment can be replaced, make
note of where to find that equipment and the specifica-
tions needed. For custom-made equipment, keep the
plans that show how to rebuild it.

Even with good planning, several days or longer
may elapse before equipment is in place or usable.
Make note of other laboratories or institutions with
similar equipment or functions. Make arrangements,
if possible, to use such facilities as a backup, if needed.

3.B.1.11 Loss of Data or Computer Systems

Because many laboratories store data in a digital for-
mat and rely on computerized systems, loss of critical
data or systems poses serious problems.

Every laboratory and all laboratory personnel should
have a backup plan for their digital data. A plan may
include the following items:

* Data that should be stored off-site or in special
storage and how to back this up using USB drives,
external hard drives, or other external storage
device;

* Whether networked computers are backed up
automatically on a schedule;
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® Resources that are available in the event there are
problems with a computer system; and

* Backup or other procedures that can be used to
continue operations in the event that a system is
not available.

3.B.1.12 Loss of Mission-Critical EQuipment

Some equipment may be so mission-critical that
its loss will shut down operations until it is replaced.
Ensure that this equipment has all the necessary protec-
tion (e.g., security, fire protection) and plan what to do
if it is not available.

3.B.1.13 Loss of High-Value or Difficult-to-Replace
Equipment

Some equipment is impossible or very difficult to re-
place. When it is lost, the laboratory may not be able to
complete this function for an extended period of time.
Very expensive equipment may take longer to process
through insurance or may not be able to be replaced
immediately.

3.B.2 What Every Laboratory Should
Know and Have

3.B.2.1 Survival Kit

Every laboratory and all laboratory personnel should
consider the possibility of having to stay at work for an
extended time or under unusual conditions, such as a
power loss. Consider keeping the following on hand:

For the laboratory:

emergency contact information,
flashlight,

radio and batteries,

first-aid kit, and

safety glasses and gloves.

For individuals:

change of clothing and shoes,
medications,

contact lens solution,
nonperishable snacks,

water, and

blanket, jacket, or fleece.

This list is not complete. Organizations such as the
Red Cross and the U.S. Department of Homeland Se-
curity have comprehensive Web pages that describe

Copyright © National Academy of Sciences. All rights reserved.



EMERGENCY PLANNING

materials to have on hand in case of an emergency that
requires personnel to shelter in place.

3.B.2.2 Training

In addition to laboratory safety issues, laboratory
personnel should be familiar with what to do in an
emergency. Topics may include

® evacuation procedures;

¢ emergency shutdown procedures—equipment
shutdown and materials that should be stored
safely;

* communications during an emergency—what to
expect, where to call or look for information;

* how and when to use a fire extinguisher;

® security issues;

protocol for absences due to travel restrictions or

illness;

safe practices for power outage;

shelter in place;

handling suspicious mail or phone calls;

laboratory-specific protocols relating to emer-

gency planning and response;

handling violent behavior in the workplace;

e first-aid and CPR training, including automated
external defibrillator training if available.

Periodic drills to assist in training and evaluation of
the emergency plan are recommended as part of the
training program.

3.C LEADERSHIP AND PRIORITIES

In an emergency situation, even with good planning,
a number of factors tend to create a chaotic environ-
ment. Emotions may run high, uncertainties may ex-
ist regarding how long the conditions will last, and
the general routine of the laboratory environment is
disrupted.

Decisions need to be made, priorities set, and plans
put in motion. Having a clear succession of leadership
and priorities ahead of time can help provide clarity
to the situation.

3.C.1 Decision Makers, with Succession

Determine who will provide leadership for the in-
stitution, department, group, or laboratory. Make a list
of individuals authorized to make decisions, including
financial commitments. Assume that there will be ab-
sences and include a succession. Keep in mind that in
an emergency situation, the most practical leadership
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succession does not always follow the organizational
chart. Ensure that the people on that list know their
designation and understand their responsibilities.

3.C.2 Laboratory Priorities

In the event of a reduction of staff, a limited amount
of freezer space for sample storage, or other circum-
stances that place limitations on laboratory operations,
experiments may need to be suspended or laboratory
materials allowed to deteriorate. Consider laboratory
priorities ahead of time, to reduce the decision-making
burden during an emergency. Examples of priorities
include securing pathogenic microbe libraries; secur-
ing toxic, flammable, or unstable compounds; and
securing compounds that could be precursors to
pharmaceuticals.

Review the operations and materials in the labora-
tory and formulate a hierarchy. Although each labora-
tory has unique needs, the following is one example:

¢ Priority 1: Protect human life.
e Priority 2: Protect research animals:
o Grant-funded research animals,
o Thesis-related research animals,
o Other research animals.
¢ Priority 3: Protect property and the environment:
© Mission-critical property,
© High-value equipment,
o Difficult to replace materials.
¢ Priority 4: Maintain integrity of research:
o Grant-funded research,
o Thesis-related research,
o Other research.

3.C.3 Essential Personnel

In an emergency, there may be a facility closure and /
or travel bans in place that would restrict personnel in
their ability to report to work. If the laboratory must re-
main at least partially operational and personnel must
report to work, it is important that these individuals be
recognized as “essential personnel.” There are human
resources and payroll issues that may factor into this
designation, as well as institutional policies.

In an emergency, the duties and responsibilities of
the individuals reporting to work may be different
than their responsibilities under normal conditions.
Ensure that personnel understand and accept these
responsibilities.

When there is a travel ban due to a state of emer-
gency, those who must travel by car will need docu-
mentation from the institution stating that they are
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essential personnel. These individuals should keep
such documentation in their vehicle to provide to a law
enforcement officer. It remains the decision of that law
enforcement officer whether to allow the travel.

3.0 COMMUNICATION DURING
AN EMERGENCY

Communication is key during an unexpected inci-
dent. Depending on the circumstances, some regular
means of communication may be compromised: tele-
phones may not work; a power loss may affect access
to computers.

Among the most important elements of emergency
preparedness is the communications plan. Labora-
tory personnel should know how to find information,
how to contact people, and what to expect in terms of
communications.

3.D.1 Contact List

Institutions should have extended contact informa-
tion, including home, office, and cell phone numbers,
for key personnel, including individuals familiar with
the operations of the laboratories. In an emergency,
particularly when outside emergency responders, such
as police and ambulance attendants, are on-site, being
able to speak with someone who can describe what is
behind the laboratory doors can sometimes mean the
difference between a reasonably appropriate response
to the situation at hand and an overresponse that could
tie up resources for an extended period.

Within the laboratories, laboratory managers, princi-
pal investigators, or others assigned leadership respon-
sibility for emergencies should have up-to-date contact
lists for all laboratory personnel. Such lists should be
accessible from both the laboratory and from home.

Consider collecting information regarding an in-
dividual’s ability to get to the laboratory during an
emergency. Know who is within walking distance, who
has access to a vehicle that can travel in all types of
weather, or who has commitments that would preclude
them from coming to the laboratory.

To aid emergency responders, many laboratories
also post contact information on the laboratory door,
as well as information about the hazards within the
laboratory. An example emergency response poster can
be found on the CD that accompanies this book.

3.D.2 Communication Plan

There are numerous ways to communicate dur-
ing an emergency. Each institution, department, and
laboratory group should have a communication plan
that details which means of communication may be
implemented. Laboratory personnel should be aware
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of the plan and should know what to expect and what
is expected of them.

When an emergency affects a large population, tele-
phone systems may quickly become overloaded, and
local or institutional police, security, or public safety
officials may be bombarded with calls. Instruct labora-
tory personnel to limit their use of phones during such
times and use text messaging, e-mail, and the internet
as primary means of communication.

3.D.2.1 Telephone

The telephone is often the most direct way to contact
people. Some institutions have implemented mass no-
tification systems that send voice messages to several
phone numbers simultaneously. For a department
or laboratory, a telephone chain may be an effective
means of sharing information.

In an emergency that affects a large population,
telephone systems may quickly become overloaded.
Other circumstances may render telephones unusable.
Do not rely only on telephones for communication of
important instructions or information.

Hotlines with recorded messages are also helpful.
For a laboratory, the number could be used for this pur-
pose. In an emergency, the person in charge could leave
a message with instructions on the main telephone that
is available to anyone who calls.

3.D.2.2 Text Messages

Text messaging utilizes cellular phone service but
can be more reliable. Even when cellular service is too
weak or overloaded for calls, text messaging is often
available. Text messages can be sent via cell phone or
through e-mail. Check with the individual’s service
provider to determine the domain name to send text
messages via e-mail. For example, for a Verizon Wire-
less customer with the phone number 123-456-7890,
sending an e-mail to 1234567890@vtext.com would de-
liver the message as a text message. Most text message
services have a limit of 120 characters per message.

3.D0.2.3 E-Mail

E-mail can be a reliable way of sharing information.
In the event that the institution’s computer system is
affected, it is prudent to have an alternative e-mail ad-
dress for each person. Consider preparing a Listserve
or e-mail list for use during an emergency.

3.D.2.4 Internet and Blogs

Posting updates on the institution or laboratory Web
site is an easy way to reach multiple people. Instruct in-
dividuals to visit the site in the event of an emergency.
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If using the laboratory Web site for this purpose is
not practical, consider using a blog. Many internet
providers and search engine sites offer free blog ser-
vices. Blogs allow the users to post information easily
without the use of a Web-page editor.

3.D.2.5 Emergency Contacts

Having the name and contact information for at least
one friend or family member of laboratory personnel is
prudent. The information would be useful if a person
cannot be reached or in an emergency involving the
laboratory person.

3.D.2.6 Media and Community Relations

If an incident has caught the attention of the media,
whether local, national, or even a school or facility
newspaper, ensure that the institution’s spokesperson
is involved in any conversations with reporters. Media
inquiries should go through the person or group that
is used to working with the media, because it is very
easy for facts or issues to be misconstrued or presented
in an inflammatory manner. All involved should be in-
structed to forward calls and interviewers to the media
relations group.

When an incident command system has been insti-
tuted, a press officer will be appointed. All inquiries
and statements go through this individual or group.

3.D.3 Assembly Point

Consider establishing an assembly point for labora-
tory personnel. In an emergency, essential personnel
would be expected to report to that assembly point
whether or not they have received specific instructions.
This plan is especially helpful when communications
are limited.

3.E EVACUATIONS

Fires, spills, and other emergencies may require
evacuation of the building or the laboratory. All labo-
ratory personnel should be aware of the evacuation
procedures for the building and laboratory.

3.E.1 Shutdown Procedures

Some laboratories may have operations, materials,
or equipment that could pose a hazard if simply aban-
doned and left unattended for an extended period.
If a building is evacuated for an emergency, hours
may elapse before personnel are allowed back inside.
Consider the hazards in the laboratory and establish
procedures to follow during an evacuation.

In the event that processes, experiments, or equip-

Prudent Practices in the Laboratory: Handling and Management of Chemical Hazards, Updated Version

39

ment were not shut down prior to evacuation and
may pose a risk to health, the environment, or prop-
erty, inform emergency responders of the situation.
Emergency responders may escort a person into the
laboratory to shut down the process, or they may ask
for advice on how to do so themselves.

3.E.1.1 Processes Requiring Special Shutdown

Procedures

Make a list of processes that need to be shut down
prior to evacuation. Post the procedures in a conspicu-
ous place and ensure that all laboratory personnel are
aware of them. Posting a list at the exits may be helpful
as a reminder to laboratory personnel as they leave.

3.E.1.2 Experiments Running Unattended

Note the hazards of experiments left unattended for
an extended period. For routine procedures that fit into
this category, establish procedures for safely terminat-
ing the procedure prior to evacuation.

3.E.2 Assembly Points and Evacuation
Routes

Each building, section of a building, or group should
have a designated assembly point to which individu-
als evacuate. At the assembly point, the emergency
coordinator will account for individuals who should
have evacuated, to advise emergency responders on
the probability of individuals left in the building.

Main and alternative evacuation routes should be
posted. Supervisors should ensure that all labora-
tory personnel are familiar with the safest way to
evacuate the building and where to assemble. In case of
evacuation, sign-in/sign-out boards or other check-in
methods can be used as an aid to determine whether
employees are in the building.

3.F SHELTER IN PLACE

For certain emergency situations, rather than evacu-
ation, emergency responders may advise that people
shelter in place, meaning that they remain inside the
building. Such circumstances may include hazard-
ous material releases outdoors; weather emergencies,
such as hurricanes or tornadoes, or suspects wielding
weapons.

When directed to shelter in place, take the following
actions:

¢ Go or stay inside the building.
¢ Do not use elevators.
e (Close and lock doors and windows.
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¢ If possible, go to a location within the building
that has no exterior doors or windows.

* As possible, monitor the situation via a radio, the
internet, or a telephone.

Ensure that the laboratory is prepared by having a
radio and flashlight on hand and provide an overview
of shelter-in-place procedures to laboratory personnel
as part of their orientation.

3.G LOSS OF POWER

Most laboratory buildings experience occasional
brief periods of power loss. Such instances may be
minor disturbances or could damage equipment or
ruin experimentation. Longer term power outages
may cause significant disruption and loss. It is prudent
to consider the effects of long-term and short-term
power loss and implement plans to minimize negative
outcomes.

3.G.1 Short-Term Power Loss

3.G.1.1 Potential Effects

Consider what can happen in the event of short-term
power loss. If the outcome may be more than just an
inconvenience, implement steps to reduce the impact.
For example, if temperature is regulated by a heating
mantle and loss of heat for even a few minutes could
create an unacceptable variation, the result may be loss
of that particular experimental run.

When developing a plan for handling a short-term
power loss, consideration should be given as to what
“state” a piece of equipment goes to during a loss of
power or a resumption of power. Equipment should
enter a fail-safe state and it should be tested for this
state by purposely shutting off power to it and then
reenergizing the circuit. Any interlocks (e.g., against
high temperatures on heating mantels) should be re-
checked after a loss of power. Some equipment must
be restarted manually after a shutdown, resulting in
longer term power loss even when power is restored.
Uninterruptable power supplies and automatic genera-
tors should be considered for freezers and refrigerators
that are used to store unstable compounds.

3.G.1.2 Laboratory Procedures

If laboratory personnel are present when power is
lost, and power is not restored immediately, consider
the following actions:

o Turn off equipment, particularly if leaving before
power is restored. Some equipment can be dam-
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aged if turned on abruptly once power comes
back online. If no one is in the laboratory when
the power is restored, equipment that does turn
on will be running unattended.

¢ Discontinue operations requiring local ventila-
tion, such as laboratory chemical hoods. The
building ventilation system may not be on emer-
gency power.

* Close laboratory chemical hood sashes.

3.G.2 Long-Term Power Loss

Damaged power distribution systems and other
conditions may result in power loss that lasts hours
or days. This has implications for security, safety, and
experimental work that go well beyond those for a
short-term power loss.

3.G.2.1 Security Issues

For laboratories with specialized security systems,
such as card readers or electronic locks, know if the
locks are locked or unlocked in the event of power
failure. Develop a backup plan for laboratory security
in the absence of such systems.

3.G.2.2 Environmental and Storage Conditions

The most common problem during a power outage
is storage of materials that require specialized environ-
mental conditions, such as refrigeration and humidity
controls.

For example, sub-80°C freezers, may hold their
temperature for a few hours after a power loss but will
eventually warm. This warming may lead to loss of
samples or, for materials that become unstable when
warmed, to more hazardous conditions, including fire,
overpressurization, or release.

3.G.2.3 Discontinuation of Experiments

Experiments that rely on power may need to be dis-
continued and disassembled. Leaving the materials in
place may not be prudent. Someone should be assigned
responsibility for walking through the laboratory to
identify problems and ensure that materials are safely
stored.

3.G.3 Preplanning

There are many options for minimizing the effects of
a power loss, including alternative energy sources and,
when that is not practical, prioritizing experimental
needs, consolidating, and using dry ice.
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3.G.3.1 Generator Power

The laboratory building may be connected to a gen-
erator. If so, know what will continue to run during a
power loss. In some buildings, for example, the gen-
erator may only run emergency lighting and security
systems. In others, the ventilation system, all or in part,
may be connected to the generator. Some buildings
may have specially marked outlets that are connected
to the generator.

One potentially negative aspect of a generator is that
there is usually a slight delay, up to several seconds,
from the time the power is lost to the time that the
power load is taken up by the generator. Equipment
that is sensitive to a minor power disruption may be
affected and a generator may not be the right solution.

Know what will continue to operate during a power
loss. Determine how long the laboratory can rely on
the generator. If there is equipment that would benefit
from connection to the generator, inquire about the
possibility of such a connection being made.

3.G.3.2 Uninterruptible Power Supply (UPS)

When generator power is not available or if equip-
ment is sensitive to the slight power delay, UPS systems
may be the right choice for continued power. UPS
systems are composed of large rechargeable batteries
that immediately provide emergency power when the
main supply is interrupted.

UPS systems come in a variety of types and sizes.
The three basic types are offline, line interactive, and
online. The differences among the three are related to
the level and type of surge protection, with the offline
providing the least amount of surge protection and the
online providing the most sophisticated protection.
Size varies based on power needs. When purchasing
an UPS for equipment other than a computer, consult
with the equipment manufacturer to help choose the
right solution.

All UPS systems require some degree of mainte-
nance. The battery needs to be replaced at an interval
specified by the manufacturer. Batteries may be expen-
sive and should be figured into the cost of the system.

3.G.3.3 Drylce

Dry ice may be helpful in maintaining temperatures
in refrigerators or freezers. Because demand for dry ice
increases significantly during a power loss, have a list
of alternative vendors in case the regular vendors are
unable to provide supplies.

To preserve resources, researchers should prioritize
their experimental materials needing refrigeration and
combine them as much as possible.
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3.G.3.4 Other

As with any crisis, cooperation among laboratory
groups and individuals results in the best outcome.
Creative problem solving is something at which most
researchers are skilled and it should never be over-
looked in an emergency.

3.H INSTITUTIONAL OR
BUILDING CLOSURE

Weather emergencies, fire, or other circumstances
may require closure of an institution or building. Labo-
ratories may be inaccessible or special permission may
be required to enter or work in the laboratory. Whereas
interruption in research or teaching may be a nuisance,
other conditions may pose a hazard or a risk of signifi-
cant loss of research.

Ensure that personnel expected to report to work
even when there is a closure are aware of their respon-
sibilities and have been designated as essential person-
nel. (See section 3.C.3 for more information.)

3.H.1 Short-Term Closure

For laboratory closures lasting a day or less, the main
concerns include experiments running unattended and
security. Whether the closure is planned or unexpected,
it is important to consider how it will affect laboratory
operations, and how critical operations can be main-
tained. See Box 3.1 for a checklist of things to consider
while planning for a closure.

BOX 3.1
Continuity of Laboratory
Operations Checklist

List of high-priority operations

List of personnel who can perform these operations

Communication plan

Data backup plan

Leadership succession

Key dependencies within the organization (e.g., es-

sential goods and services that other departments or

groups provide) and alternatives

O Key dependencies outside the organization, with
alternative vendors

O List of essential equipment, purchase records, and
information on how to replace it permanently or
temporarily

[0 Restoration plan and priorities

Ooooooo
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If the closure is unexpected, experiments may be left
running unattended. Depending on the experimental
procedure, problems may occur with temperature
regulation, integrity of containers, evaporation of solu-
tions, concentration of solutions, and numerous other
possibilities.

3.H.2 Long-Term Closure

A fire or other event that causes serious building
damage, police activity, and communicable disease
outbreaks are just a few examples of incidents that
could result in a building or institution closing for
several days, weeks, or months. It may be necessary to
place the laboratory into a state of inactivity or hiberna-
tion during an emergency that causes serious staffing
disruptions. Plans for making the transition from active
to suspended laboratory operations should be a part of
the organization’s emergency response policy.

Consider the impact of laboratory closure on re-
search, services provided to outside entities, and other
groups. Communicate disruptions in services to those
that rely on them.

3.H.3 Alternative Laboratory Facilities

If the laboratory will be inaccessible, it may be
possible to share another laboratory at or outside the
institution or to set up a temporary laboratory in an-
other space. Preplanning for such an event reduces the
amount of downtime.

Make a list of what is essential for an alternative
facility:

* equipment and materials needed to perform pri-
ority tasks,

* space,

* environmental controls (e.g., temperature,
humidity),

® security requirements, and

¢ ventilation requirements.

3.1 EMERGENCY AFFECTING
THE COMMUNITY

When an emergency affects only the institution,
building, or laboratory, community resources, emer-
gency responders, and external services are generally
available for assistance or for business continuity.
However, when an emergency affects the local com-
munity or a larger area, resuming normal operations
may take longer.

A laboratory may be indirectly affected by a com-
munity emergency when goods and services are
unavailable.
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3.1.1 Disruption of Deliveries of Goods
and Services

Many laboratories rely on just-in-time delivery of
chemicals and supplies because stockpiling chemicals
poses its own risks and should be avoided. Excessive
storage of other supplies may result in an increased fire
risk from combustible materials.

As part of the preplanning process, consider the
following:

¢ Prepare a list of alternative vendors and service
providers in the event that the primary vendor is
unavailable. Add them to the vendor list for cen-
tralized purchasing or have a contract on hand if
necessary.

e Ensure that primary vendors have up-to-date
business continuity plans.

e Ensure that the institution or laboratory is a
priority for your primary vendors and service
providers.

3.1.2 Laboratory Staff Shortage

Staff may not be able to report to the laboratory. For
continuity of laboratory operations, ensure that person-
nel are cross-trained to be able to fill in for a person who
is absent. Have a succession plan that clarifies who is
responsible when supervisors are not available.

3.J FIRE OR LOSS OF LABORATORY

A fire can be devastating. Even when fire does not
damage the laboratory directly, it may result in dis-
ruption of services or limited access to the laboratory,
or damage may be caused by smoke, water, or fire-
extinguishing materials.

First, assess the vulnerabilities within the laboratory;
then take action to prevent fire. Maintaining safe chem-
ical storage, minimizing combustible materials, and
controlling ignition sources are just a few examples of
fire prevention. Next, ensure that there is an adequate
level of detection and, where possible, extinguishing
systems, and take additional steps to limit the impact
of a fire. Finally, consider how the laboratory would
manage after a fire and implement plans for facilitating
continuity of operations. (See Vignette 3.1.)

3.J.1 Records for Replacement of
Laboratory Equipment

Keep records for both existing equipment and re-
placement equipment. Having purchasing records
readily available can make a difference in how long
it takes for insurance claims to be processed. Because
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VIGNETTE 3.1
Preplanning reduces
the impact of a fire on
continuity of operations

A DNA sequencing/synthesis laboratory that
provided services to several other laboratories
at the institution experienced a fire that caused a
total loss of all equipment due to smoke damage.
The source of the fire was a fault in the power sup-
ply of a computer. The laboratory did not have a
sprinkler system, which would have reduced the
magnitude of the damage.

However, the laboratory had planned for such
an occurrence and the immediate availability
of purchasing records facilitated the insurance
claim. The laboratory manager had backup plans
and had a temporary but fully functional labora-
tory operating in 3 days. It took more than a year
to renovate the burned laboratory but the services
were disrupted for less than 1 week.

older equipment may not be replaceable, knowing
what alternatives are available and where to get them
may speed up resumption of laboratory activities.

3.J.2 Alternative Laboratories to Continue
Operations

It may be necessary to use existing laboratories or
furnish a temporary laboratory in order to continue
operations. (See section 3.H.3 for more information.)

3.J.2.1 Preplanning and Prevention

To help prevent a fire or limit the effect of a fire,
ensure that the laboratory has the following in place:

® appropriate types and number of fire extinguish-
ers and individuals trained to use them,

e sprinkler systems or other automatic extinguish-
ing systems for sensitive areas or equipment,
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e fire-safe storage of data and mission-critical
samples, and
* good chemical storage practices.

3.K DRILLS AND EXERCISES

We all hope we never have to implement emergency
plans. However, because the plans are rarely imple-
mented, it is even more important to have drills and/
or exercises that allow laboratory personnel to simulate
their response.

Test alarm systems regularly, at least once a year.
Prudent practice coordinates the testing of the system
with a drill that exercises the appropriate response.
Fire drills are a classic example. By sounding the alarm
and expecting everyone to evacuate, one can uncover
problems with the planning.

Drills and exercises may be full scale, where indi-
viduals are expected to carry out the responsibilities
and procedures; tabletop exercises, where individuals
discuss their response but do not physically respond;
or a combination of both.

3.L OUTSIDE RESPONDERS
AND RESOURCES

Some emergencies require response by police, fire,
ambulance, or other outside responders. Prudent
practice establishes good communication with these
responders before they are expected to respond to an
emergency. You can facilitate this by

¢ inviting responders to the facility for a tour of the
areas of most concern;

¢ providing information about areas of higher risk
for a fire, spill, or other emergency;

¢ providing maps and other tools to help them
navigate the facility and familiarize themselves
with the location of laboratory buildings or special
facilities;

¢ informing emergency responders and local hospi-
tals of the use of chemicals that present unusual
hazards; and

¢ having chemical inventories accessible remotely
through a password-protected system or file,
which allows emergency responders to have an
idea of what could be in the laboratory or building
before they enter.

Copyright © National Academy of Sciences. All rights reserved.



Prudent Practices in the Laboratory: Handling and Management of Chemical Hazards, Updated Version

Copyright © National Academy of Sciences. All rights reserved.



Prudent Practices in the Laboratory: Handling and Management of Chemical Hazards, Updated Version

4 Evaluating Hazards and
Assessing Risks Iin the Laboratory

4 A INTRODUCTION 47
4B SOURCES OF INFORMATION 47
4B.1 Chemical Hygiene Plan (CHP) 47
4B.2 Material Safety Data Sheets (MSDSs) 47
4B.3  Globally Harmonized System for Hazard Communication 49
4B.4 Laboratory Chemical Safety Summaries 50
4B.5 Labels 51
4B.6  Additional Sources of Information 51
4B.7 Computer Services 52
4.B.7.1 The National Library of Medicine Databases 53
4B.7.2 Chemical Abstracts Databases 53
4B.7.3 Informal Forums 53
4B.8 Training 53
4.C TOXIC EFFECTS OF LABORATORY CHEMICALS 53
4.C.1 Basic Principles 53
4.C.1.1 Dose-Response Relationships 54
4.C.1.2 Duration and Frequency of Exposure 56
4.C.1.3 Routes of Exposure 57
4.C2  Assessing Risks of Exposure to Toxic Laboratory Chemicals 58
4.C2.1 Acute Toxicants 59
4.C3 Types of Toxins 60

4.C.3.1 Irritants, Corrosive Substances, Allergens, and
Sensitizers 60
4.C3.2 Asphyxiants 62
4.C.3.3 Neurotoxins 62
4.C34 Reproductive and Developmental Toxins 62
4.C3.5 Toxins Affecting Other Target Organs 63
4.C.3.6 Carcinogens 63
4.C.3.7 Control Banding 64
4D FLAMMABLE, REACTIVE, AND EXPLOSIVE HAZARDS 65
4D.1 Flammable Hazards 65
4D.1.1 Flammable Substances 65
4.D.1.2 Flammability Characteristics 65
4D.1.3 Classes of Flammability 68
4D.1.4 Causes of Ignition 69
4D.1.5 Special Hazards 69
4D.2 Reactive Hazards 70
4D.2.1 Water Reactives 70
4.D.2.2 Pyrophorics 70
4D.2.3 Incompatible Chemicals 70
4D.3 Explosive Hazards 70
4D.3.1 Explosives 70
4.D.3.2 Azos, Peroxides, and Peroxidizables 72

45

Copyright © National Academy of Sciences. All rights reserved.



Prudent Practices in the Laboratory: Handling and Management of Chemical Hazards, Updated Version

46 PRUDENT PRACTICES IN THE LABORATORY

4.D.3.3 Other Oxidizers 73

4D.3.4 Powders and Dusts 73

4D.3.5 Explosive Boiling 73

4D.3.6 Other Considerations 73

4E PHYSICALHAZARDS 74
4E1 Compressed Gases 74

4E.2 Nonflammable Cryogens 74

4E3 High-Pressure Reactions 74

4E4  Vacuum Work 75

4E.5 Ultraviolet, Visible, and Near-Infrared Radiation 75

4E.6 Radio Frequency and Microwave Hazards 75

4E.7  Electrical Hazards 76

4E8 Magnetic Fields 76

4E9  Sharp Edges 76
4E.10 Slips, Trips, and Falls 77
4E.11 Ergonomic Hazards in the Laboratory 77

4F NANOMATERIALS 77
4.G BIOHAZARDS 79
4H HAZARDS FROM RADIOACTIVITY 79

Copyright © National Academy of Sciences. All rights reserved.



Prudent Practices in the Laboratory: Handling and Management of Chemical Hazards, Updated Version

EVALUATING HAZARDS AND ASSESSING RISKS IN THE LABORATORY 47

4.A INTRODUCTION

A key element of planning an experiment is assess-
ing the hazards and potential risks associated with
the chemicals and laboratory operations to be used.
This chapter provides a practical guide for the trained
laboratory personnel engaged in these activities. Sec-
tion 4.B introduces the sources of information for data
on toxic, flammable, reactive, and explosive chemical
substances. Section 4.C discusses the toxic effects of
laboratory chemicals by first presenting the basic prin-
ciples that form the foundation for evaluating hazards
for toxic substances. The remainder of this section de-
scribes how trained laboratory personnel can use this
understanding and the sources of information to assess
the risks associated with potential hazards of chemical
substances and then to select the appropriate level of
laboratory practice as discussed in Chapter 4. Sections
4.D and 4.E present guidelines for evaluating hazards
associated with the use of flammable, reactive, and ex-
plosive substances and physical hazards, respectively.
Finally, nanomaterials, biohazards, and radioactivity
hazards are discussed briefly in sections 4.F and 4.G,
respectively.

The primary responsibility for proper hazard evalu-
ations and risk assessments lies with the person per-
forming the experiment. That being said, the respon-
sibility is shared by the laboratory supervisor. The
actual evaluations and assessments may be performed
by trained laboratory personnel, but these should be
checked and authorized by the supervisor. The super-
visor is also responsible for ensuring that everyone
involved in an experiment and those nearby under-
stand the evaluations and assessments. For example,
depending on the level of training and experience, the
immediate laboratory supervisor may be involved in
the experimental work itself. In addition, some orga-
nizations have environmental health and safety (EHS)
offices, with industrial hygiene specialists to advise
trained laboratory personnel and their supervisors in
risk assessment. When required by federal regulation,
Chemical Hygiene Officers (CHOs) play similar roles
in many organizations. As part of a culture of safety,
all of these groups work cooperatively to create a safe
environment and to ensure that hazards are appropri-
ately identified and assessed prior to beginning work.

4.B SOURCES OF INFORMATION

4.B.1 Chemical Hygiene Plan (CHP)

Beginning in 1991, every laboratory in which haz-
ardous chemicals are used has been required by federal
regulations (Occupational Safety and Health Adminis-
tration [OSHA] Occupational Exposure to Hazard-

ous Chemicals in Laboratories, 29 CFR § 1910.1450)
to have a written CHP, which includes provisions
capable of protecting personnel from the “health
hazards presented by hazardous chemicals used in
that particular workplace.” All laboratory personnel
should be familiar with and have ready access to their
institution’s CHP. In some laboratories, CHPs include
standard operating procedures for work with specific
chemical substances, and the CHP may be sufficient
as the primary source of information used for risk as-
sessment and experiment planning. However, most
CHPs provide only general procedures for handling
chemicals, and prudent experiment planning requires
that laboratory personnel consult additional sources
for information on the properties of the substances that
will be encountered in the proposed experiment. Many
laboratories require documentation of specific hazards
and controls for a proposed experiment.

4.B.2 Material Safety Data Sheets (MSDSs)

Federal regulations (OSHA Hazard Communication
Standard 29 CFR § 1910.1200) require that manufactur-
ers and distributors of hazardous chemicals provide
users with material safety data sheets (MSDSs),! which
are designed to provide the information needed to
protect users from any hazards that may be associated
with the product. MSDSs have become the primary
vehicle through which the potential hazards of mate-
rials obtained from commercial sources are commu-
nicated to trained laboratory personnel. Institutions
are required by law (OSHA Hazard Communication
Standard) to retain and make readily available the
MSDSs provided by chemical suppliers. The MSDSs
themselves may be electronic or on paper, as long as
employees have unrestricted access to the documents.
Be aware that some laboratories have been asked by
local emergency personnel to print paper copies in the
event of an emergency.

As the first step in risk assessment, trained labora-
tory personnel should examine any plan for a proposed
experiment and identify the chemicals with toxicologi-
cal properties they are not familiar with from previous
experience. The MSDS for each unfamiliar chemical
should be examined. Procedures for accessing MSDS
files vary from institution to institution. In some cases,
MSDS files are present in each laboratory, but often
complete files of MSDSs are maintained only in a
central location, such as the institution’s EHS office.
Many laboratories are able to access MSDSs electroni-

!In the Globally Harmonized System for Hazard Communication,
the term “material safety data sheet” has been shortened to “safety
data sheet (SDS).” This book will continue to use the term MSDS as
it is more recognizable at the time of writing than SDS.
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cally, either from CD-ROM disks, via the internet, or
from other computer networks. Laboratory personnel
can always contact the chemical supplier directly and
request that an MSDS be sent by mail.

MSDSs are technical documents, several pages long,
typically beginning with a compilation of data on the
physical, chemical, and toxicological properties of the
substance and providing concise suggestions for han-
dling, storage, and disposal. Finally, emergency and
first-aid procedures are usually outlined. At present,
there is no required format for an MSDS; however,
OSHA recommends the general 16-part format created
by the American National Standards Institute (ANSI
7400.1). The information typically found in an MSDS
follows:

1. Supplier (with address and phone number)
and date MSDS was prepared or revised. Toxic-
ity data and exposure limits sometimes undergo
revision, and for this reason MSDSs should be
reviewed periodically to check that they contain
up-to-date information. Phone numbers are
provided so that, if necessary, users can contact
the supplier to obtain additional information on
hazards and emergency procedures.

2. Chemical. For products that are mixtures, this
section may include the identity of most but not
every ingredient. Hazardous chemicals must
be identified. Common synonyms are usually
listed.

3. Physical and chemical properties. Data such
as melting point, boiling point, and molecular
weight are included here.

4. Physical hazards. This section provides data
related to flammability, reactivity, and explosion
hazards.

5. Toxicity data. OSHA, the National Institute
for Occupational Safety and Health (NIOSH),
and the American Conference of Governmental
Industrial Hygienists (ACGIH) exposure lim-
its (as discussed in section 4.C.2.1) are listed.
Many MSDSs provide lengthy and compre-
hensive compilations of toxicity data and even
references to applicable federal standards and
regulations.

6. Health hazards. Acute and chronic health
hazards are listed, together with the signs and
symptoms of exposure. The primary routes of
entry of the substance into the body are also
described. In addition, potential carcinogens are
explicitly identified. In some MSDSs, this list of
toxic effects is quite lengthy and includes every
possible harmful effect the substance has under
the conditions of every conceivable use.

7. Storage and handling procedures. This section
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usually consists of a list of precautions to be
taken in handling and storing the material. Par-
ticular attention is devoted to listing appropriate
control measures, such as the use of engineering
controls and personal protective equipment nec-
essary to prevent harmful exposures. Because an
MSDS is written to address the largest scale at
which the material could conceivably be used,
the procedures recommended may involve
more stringent precautions than are necessary
in the context of laboratory use.

8. Emergency and first-aid procedures. This sec-
tion usually includes recommendations for
firefighting procedures, first-aid treatment,
and steps to be taken if the material is released
or spilled. Again, the measures outlined here
are chosen to encompass worst-case scenarios,
including accidents on a larger scale than are
likely to occur in a laboratory.

9. Disposal considerations. Some MSDSs provide
guidelines for the proper disposal of waste ma-
terial. Others direct the users to dispose of the
material in accordance with federal, state, and
local guidelines.

10. Transportation information. This chapter only
evaluates the hazards and assesses the risks as-
sociated with chemicals in the context of labora-
tory use. MSDSs, in contrast, must address the
hazards associated with chemicals in all possible
situations, including industrial manufacturing
operations and large-scale transportation acci-
dents. For this reason, some of the information
in an MSDS may not be relevant to the handling
and use of that chemical in a laboratory. For ex-
ample, most MSDSs stipulate that self-contained
breathing apparatus and heavy rubber gloves
and boots be worn in cleaning up spills, even of
relatively nontoxic materials such as acetone.
Such precautions, however, might be unneces-
sary in laboratory-scale spills of acetone and
other substances of low toxicity.

Originally, the principal audience for MSDSs was
constituted of health and safety professionals (who are
responsible for formulating safe workplace practices),
medical personnel (who direct medical surveillance
programs and treat exposed workers), and emergency
responders (e.g., fire department personnel). With
the promulgation of federal regulations such as the
OSHA Hazard Communication Standard (29 CFR §
1910.1200) and the OSHA Laboratory Standard (29
CFR § 1910.1450), the audience for MSDSs has ex-
panded to include trained laboratory personnel in
industrial and academic laboratories. However, not
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all MSDSs are written to meet the requirements of this
new audience effectively.

In summary, among the currently available re-
sources, MSDSs remain the best single source of infor-
mation for the purpose of evaluating the hazards and
assessing the risks of chemical substances. However,
laboratory personnel should recognize the limitations
of MSDSs as applied to laboratory-scale operations. If
MSDSs are not adequate, specific laboratory operating
procedures should be available for the specific labora-
tory manipulations to be employed:

1. The quality of MSDSs produced by different
chemical suppliers varies widely. The util-
ity of some MSDSs is compromised by vague
and unqualified generalizations and internal
inconsistencies.

2. Unique morphology of solid hazardous chemi-
cals may not be addressed in MSDSs; for exam-
ple, an MSDS for nano-size titanium dioxide may
not present the unique toxicity considerations for
these ultrafine particulates.

3. MSDSs must describe control measures and pre-
cautions for work on a variety of scales, ranging
from microscale laboratory experiments to large
manufacturing operations. Some procedures
outlined in an MSDS may therefore be unneces-
sary or inappropriate for laboratory-scale work.
An unfortunate consequence of this problem is
that it tends to breed a lack of confidence in the
relevance of the MSDS to laboratory-scale work.

4. Many MSDSs comprehensively list all conceiv-
able health hazards associated with a substance
without differentiating which are most sig-
nificant and which are most likely to actually
be encountered. As a result, trained laboratory
personnel may not distinguish highly hazard-
ous materials from moderately hazardous and
relatively harmless ones.

4.B.3 Globally Harmonized System (GHS)
for Hazard Communication

The GHS of Classification and Labeling of Chemicals
is an internationally recognized system for hazard clas-
sification and communication. (Available at http://
www.unece.org.) It was developed with support from
the International Labour Organization (ILO), the
Organisation for Economic Co-operation and Devel-
opment, and the United Nations Sub-Committee of
Experts on the Transport of Dangerous Goods with
the goal of standardizing hazard communication to
improve the safety of international trade and com-
merce. Within the United States, the responsibility for
implementing the GHS falls to four agencies: OSHA,

the Department of Transportation, the EPA, and the
Consumer Product Safety Commission. At the time this
book was written, the agencies had not yet provided fi-
nal guidance on use of GHS. The revised Hazard Com-
munication Standard (29 CFR § 1910.1200) is expected
to be issued by OSHA in the near future.

GHS classifies substances by the physical, health,
and environmental hazards that they pose, and pro-
vides signal words (e.g., Danger), hazard statements
(e.g., may cause fire or explosion), and standard
pictogram-based labels to indicate the hazards and
their severity. When transporting hazardous chemicals,
use the pictograms specified in the UN Recommenda-
tions on the Transport of Dangerous Goods, Model
Regulations. For other purposes, the pictograms in
Figure 4.1 should be used. Container labels should
have a product identifier with hazardous ingredient
disclosure, supplier information, a hazard pictogram,
a signal word, a hazard statement, first-aid informa-
tion, and supplemental information. Three of these
elements—the pictograms, signal word, and hazard
statements—are standardized under GHS. The signal
words, either “Danger” or “Warning,” reflect the sever-
ity of hazard posed. Hazard statements are standard
phrases that describe the nature of the hazard posed
by the material (e.g., heating may cause explosion).

&

« Oxidizers

« Flammables

« Self Reactives

« Pyrophorics

« Self-Heating

« Emits Flammable Gas
« Organic Peroxides

gy

= Explosives
» Self Reactives
« Organic Peroxides

« Gases Under Pressure

: 2

« Acute Toxicity « Corrosives

« Carcinogen

« Respiratory Sensitizer
+ Reproductive Toxicity
« Target Organ Toxicity
« Mutagenicity

« Aspiration Toxicity

« Irritant

« Dermal Sensitizer

« Acute toxicity (harmful)
« Narcotic Effects

« Respiratory Tract

« Immitation

« Environmental Toxicity

FIGURE 4.1 GHS placards for labeling containers of haz-
ardous chemicals.
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GHS recognizes 16 types of physical hazards, 10
types of health hazard, and an environmental hazard.

Physical hazards include

explosives;

flammable gases;
flammable aerosols;
oxidizing gases;

gases under pressure;
flammable liquids;
flammable solids;
self-reactive substances;
pyrophoric liquids;
pyrophoric solids;
self-heating substances;
substances which, in contact with water, emit
flammable gases;
oxidizing liquids;
oxidizing solids;
organic peroxides; and
corrosive to metals.

Health hazards include

acute toxicity,

skin corrosion or irritation,

serious eye damage or eye irritation,
respiratory or skin sensitization,

germ cell mutagenicity,

carcinogenicity,

reproductive toxicology,

target organ systemic toxicity—single exposure,
target organ systemic toxicity—repeated expo-
sure, and

* aspiration hazard.

Environmental hazard includes

¢ Hazardous to the aquatic environment:
© acute aquatic toxicity or
© chronic aquatic toxicity with
¢ bioaccumulation potential
¢ rapid degradability.

In addition to the labeling requirements, GHS re-
quires a standard format for Safety Data Sheets (SDS)
that accompany hazardous chemicals. Note the change
in terminology from MSDS. SDSs must contain a mini-
mum of 16 elements:

1. identification,
2. hazard(s) identification,
3. composition/information on ingredients,
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4. first-aid measures,
5. firefighting measures,
6. accidental release measures,
7. handling and storage,
8. exposure controls/personal protection,
9. physical and chemical properties,
10. stability and reactivity,
11. toxicological information,
12. ecological information,
13. disposal considerations,
14. transport information,
15. regulatory information, and
16. other information.

As with current MSDSs, these sheets are intended
to inform employers and personnel of the hazards
associated with the chemicals they are handling, and
to act as a resource for management of the chemicals.
Trained personnel should evaluate the information and
use it to develop safety and emergency response poli-
cies, protocols, and procedures that are tailored to the
workplace or laboratory.

4.B.4 Laboratory Chemical Safety
Summaries (LCSSs)

As discussed above, although MSDSs are invaluable
resources, they suffer some limitations as applied to
risk assessment in the specific context of the labora-
tory. Committee-generated LCSSs, which are tailored
to trained laboratory personnel, are on the CD accom-
panying this book. As indicated in their name, LCSSs
provide information on chemicals in the context of
laboratory use. These documents are summaries and
are not intended to be comprehensive or to fulfill the
needs of all conceivable users of a chemical. In conjunc-
tion with the guidelines described in this chapter, the
LCSS gives essential information required to assess the
risks associated with the use of a particular chemical
in the laboratory.

The format, organization, and contents of LCSSs
are described in detail in the introduction on the CD.
Included in an LCSS are the key physical, chemi-
cal, and toxicological data necessary to evaluate the
relative degree of hazard posed by a substance. LCSSs
also contain a concise critical discussion, presented in
a style readily understandable to trained laboratory
personnel, of the toxicity, flammability, reactivity, and
explosivity of the chemical; recommendations for the
handling, storage, and disposal of the title substance;
and first-aid and emergency response procedures.

The CD contains LCSSs for 91 chemical substances.
Several criteria were used in selecting these chemicals,
the most important consideration being whether the
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substance is commonly used in laboratories. Preference 1. International Chemical Safety Cards from the Inter-

was also given to materials that pose relatively serious
hazards. Finally, an effort was made to select chemicals
representing a variety of classes of substances, so as to
provide models for the future development of addi-
tional LCSSs. A blank copy of the form is provided for
development of laboratory-specific LCSSs.

4.B.5 Labels

Commercial suppliers are required by law (OSHA
Hazard Communication Standard) to provide their
chemicals in containers with precautionary labels.
Labels usually present concise and nontechnical sum-
maries of the principal hazards associated with their
contents. Note that precautionary labels do not replace
MSDSs and LCSSs as the primary sources of informa-
tion for risk assessment in the laboratory. However,
labels serve as valuable reminders of the key hazards
associated with the substance. As with the MSDS, the
quality of information presented on a label can be
inconsistent. Additionally, labeling is not always re-
quired for chemicals transferred between laboratories
within the same building.

4.B.6 Additional Sources of Information

The resources described above provide the founda-
tion for risk assessment of chemicals in the laboratory.
This section highlights the sources that should be con-
sulted for additional information on specific harmful
effects of chemical substances. Although MSDSs and
LCSSs include information on toxic effects, in some
situations laboratory personnel should seek additional
more detailed information. This step is particularly im-
portant when laboratory personnel are planning to use
chemicals that have a high degree of acute or chronic
toxicity or when it is anticipated that work will be
conducted with a particular toxic substance frequently
or over an extended period of time. Institutional CHPs
include the requirement for CHOs, who are capable
of providing information on hazards and controls.
CHOs can assist laboratory personnel in obtaining and
interpreting hazard information and in ensuring the
availability of training and information for all labora-
tory personnel.

Sections 4.B.2 and 4.B.4 of this chapter provide
explicit guidelines on how laboratory personnel use
the information in an MSDS or LCSS, respectively, to
recognize when it is necessary to seek such additional
information.

The following annotated list provides references on
the hazardous properties of chemicals and which are
useful for assessing risks in the laboratory.

national Programme on Chemical Safety (IPCS,
2009). The IPCS is a joint activity of the ILO, the
United Nations Environment Programme, and
the World Health Organization. The cards con-
tain hazard and exposure information from rec-
ognized sources and undergo international peer
review. They are designed to be understandable
to employers and employees in factories, agri-
culture, industrial shops, and other areas, and
can be considered complements to MSDSs. They
are available in 18 languages and can be found
online through the NIOSH Web site, www.cdc.
gov/niosh, or through the ILO Web site, www.
ilo.org.

. NIOSH Pocket Guide to Chemical Hazards (HHS/

CDC/NIOSH, 2007). This volume is updated
regularly and is found on the NIOSH Web site
(http:/ /www.cdc.gov/niosh). These charts
are quick guides to chemical properties, reac-
tivities, exposure routes and limits, and first-aid
measures.

. A Comprehensive Guide to the Hazardous Proper-

ties of Chemical Substances, 3rd edition (Patnaik,
2007). This particularly valuable guide is writ-
ten at a level appropriate for typical laboratory
personnel. It covers more than 1,500 substances;
sections in each entry include uses and exposure
risk, physical properties, health hazards, expo-
sure limits, fire and explosion hazards, and dis-
posal or destruction. Entries are organized into
chapters according to functional group classes,
and each chapter begins with a general discus-
sion of the properties and hazards of the class.

. 2009 TLVs and BEIs: Based on the Documentation of

the Threshold Limit Values for Chemical Substances
and Physical Agents and Biological Exposure Indices
(ACGIH, 2009). A handy booklet listing ACGIH
threshold limit values (TLVs) and short-term
exposure limits (STELs). These values are under
continuous review, and this booklet is updated
annually. The multivolume publication Docu-
mentation of the Threshold Limit Values and Bio-
logical Exposure Indices (ACGIH, 2008b) reviews
the data (with reference to literature sources)
that were used to establish the TLVs. (For more
information about TLVs, see section 4.C.2.1 of
this chapter.)

. Fire Protection for Laboratories Using Chemicals

(NFPA, 2004). This is the national fire safety
code pertaining to laboratory use of chemicals.
It describes the basic requirements for fire pro-
tection of life and property in the laboratory.
For example, the document outlines technical
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10.

11.

12.

requirements for equipment such as fire sup-
pression systems and ventilation systems for
flammables and defines the maximum allow-
able quantities for flammable materials within
the laboratory.

Fire Protection Guide to Hazardous Materials, 13th
edition (NFPA, 2001). This resource contains
hazard data on hundreds of chemicals and guid-
ance on handling and storage of, and emergency
procedures for, those chemicals.

Bretherick’s Handbook of Reactive Chemical Haz-
ards, 7th edition (Urben, 2007). This handbook
is a comprehensive compilation of examples of
violent reactions, fires, and explosions due to
unstable chemicals, as well as reports on known
incompatibility between reactive chemicals.
Hazardous Chemicals Handbook, 2nd edition
(Carson and Mumford, 2002). This book is geared
toward an industrial audience. It provides basic
information about chemical hazards and syn-
thesizes technical guidance from a number of
authorities in chemical safety. The chapters are
organized by hazard (e.g., “Toxic Chemicals,”
“Reactive Chemicals,” and “Cryogens”).

Sax’s Dangerous Properties of Industrial Materials,
11th edition, three volumes (Lewis, 2004). Also
available on CD, this compilation of data for
more than 26,000 chemical substances contains
much of the information found in a typical
MSDS, including physical and chemical prop-
erties; data on toxicity, flammability, reactivity,
and explosivity; and a concise safety profile de-
scribing symptoms of exposure. It also contains
immediately dangerous to life or health (IDLH)
levels for approximately 1,000 chemicals, and
for laboratory personnel it is a useful reference
for checking the accuracy of an MSDS and a
valuable resource in preparing a laboratory’s
own LCSSs.

Patty’s Industrial Toxicology, 5th edition (Bingham
et al.,, 2001). Also available on CD, this authori-
tative reference on the toxicology of different
classes of organic and inorganic compounds
focuses on health effects; hazards due to flam-
mability, reactivity, and explosivity are not
covered.

Proctor and Hughes’ Chemical Hazards of the Work-
place, 5th edition (Hathaway and Proctor, 2004).
This resource provides an excellent summary of
the toxicology of more than 600 chemicals. Most
entries are one to two pages and include signs
and symptoms of exposure with reference to
specific clinical reports.

Sittig’s Handbook of Toxic and Hazardous Chemicals
and Carcinogens, 5th edition, two volumes (Po-
hanish, 2008). This very good reference, which

13.

14.

15.

16.

17.
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is written with the industrial hygienists and first
responder in mind, covers 2,100 substances.
Clinical Toxicology, 1st edition (Ford et al., 2001).
This book is designed for clinicians and other
health care providers. It describes the symp-
toms and treatment of poisoning from various
sources.

Casarett and Doull’s Toxicology: The Basic Science
of Poisons, 7th edition (Klaassen, 2007). This
complete and readable overview of toxicology
is a good textbook but is not arranged as a ready
reference for handling laboratory emergencies.
Catalog of Teratogenic Agents, 11th edition
(Shepard and Lemire, 2004). This catalog is one
of the best references available on the subject of
reproductive and developmental toxins.

Wiley Guide to Chemical Incompatibilities, 2nd
edition (Pohanish and Greene, 2003). Simple-
to-use reference listing the incompatibilities of
more than 11,000 chemicals. Includes informa-
tion about chemical incompatibility, conditions
that favor undesirable reactions, and corrosivity
data.

Occupational Health Guidelines for Chemical Haz-
ards (HHS/CDC/NIOSH, 1981) and a supple-
ment (HHS/CDC/NIOSH, 1995). The guide-
lines currently cover more than 400 substances
and are based on the information assembled
under the Standards Completion Program,
which served as the basis for the promulga-
tion of federal occupational health regulations
(“substance-specific standards”). Typically five
pages long and written clearly at a level readily
understood by trained laboratory personnel,
each set of guidelines includes information on
physical, chemical, and toxicological properties;
signs and symptoms of exposure; and consider-
able detail on control measures, medical surveil-
lance practices, and emergency first-aid proce-
dures. However, some guidelines date back to
1978 and may not be current, particularly with
regard to chronic toxic effects. These guidelines
are available on the NIOSH Web site (http://
www.cdc.gov/niosh/).

A number of Web-based resources also exist. Some of
these are NIOSH Databases and Information Resources
(www.cdc.gov/niosh) and TOXNET through the Na-
tional Library of Medicine (NLM; www.nlm.nih.gov).

4.B.7 Computer Services

In addition to computerized MSDSs, a number of
computer databases are available that supply data for
creating or supplementing MSDSs, for example, the
NLM and Chemical Abstracts (CA) databases. These
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and other such databases are accessible through vari-
ous online computer data services; also, most of this
information is available as CD and computer updates.
Many of these services can be accessed for up-to-date
toxicity information.

Governmental sources of EHS information include

¢ NIOSH (www.cdc.gov/niosh),
* OSHA (www.osha.gov),
e Environmental Protection Agency (EPA; www.

epa.gov).

4.B.7.1 The National Library of Medicine

Databases

The databases supplied by NLM are easy to use and
free to access via the Web. TOXNET is an online col-
lection of toxicological and environmental health da-
tabases. TOXLINE, for example, is an online database
that accesses journals and other resources for current
toxicological information on drugs and chemicals.
It covers data published from 1900 to the present.
Databases accessible through TOXNET include the
Hazardous Substance Data Base (HSDB) Carcinogenic
Potency Database (CPDB), the Developmental and Re-
productive Toxicology Database (DART), the Genetic
Toxicology Data Bank (GENE-TOX), the Integrated
Risk Information System (IRIS), the Chemical Carcino-
genesis Research Information System (CCRIS), and the
International Toxicity Estimates for Risk (ITER). Other
databases supplied by NLM that provide access to
toxicological information are PubMed, which includes
access to MEDLINE, PubChem, and ChemIDPlus. Free
text searching is available on most of the databases.

4.B.7.2 Chemical Abstracts Databases

Another source of toxicity data is Chemical Abstracts
Service (CAS). In addition to the NLM, several services
provide CAS, including DIALOG, ORBIT, STN, and
SciFinder. Searching procedures for CAS depend on
the various services supplying the database. Searching
costs are considerably higher than for NLM databases
because CAS royalties must be paid. Telephone num-
bers for the above suppliers are as follows:

DIALOG, 800-334-2564;
Questel, 800-456-7248;
STN, 800-734-4227;
SciFinder, 800-753-4227.

Additional information can be found on the CAS
Web site, www.cas.org.

Specialized databases also exist. One example is the
ECOTOX database from EPA (www.epa.gov/ecotox).

This database provides information on toxicity of
chemicals to aquatic life, terrestrial plants, and wildlife.

Searching any database listed above is best done
using the CAS registry number for the particular
chemical.

4.B.7.3 Informal Forums

The “Letters to the Editor” column of Chemical &
Engineering News (C&EN), published weekly by the
American Chemical Society (ACS), was for many years
an informal but widely accepted forum for reporting
anecdotal information on chemical reactivity hazards
and other safety-related information. Although less
frequently updated, the ACS maintains an archive of
all safety-related letters submitted to C&EN on the
Web site of the Division of Chemical Health and Safety
(CHAS) of ACS. CHAS also publishes the Journal of
Chemical Health and Safety. Additional resources include
the annual safety editorial called “Safety Notables:
Information from the Literature” in the Organic Process
Research and Development and community Listservs
relating to laboratory safety.

4.B.8 Training

One important source of information for labora-
tory personnel is training sessions, and the critical
place it holds in creating a safe environment should
not be underestimated. Facts are only as useful as
one’s ability to interpret and apply them to a given
problem, and training provides context for their use.
Hands-on, scenario-based training is ideal because it
provides the participants with the chance to practice
activities and behaviors in a safe way. Such training
is especially useful for learning emergency response
procedures. Another effective tool, particularly when
trying to build awareness of a given safety concern, is
case studies. Prior to beginning any laboratory activity,
it is important to ensure that personnel have enough
training to safely perform required tasks. If new equip-
ment, materials, or techniques are to be used, a risk
assessment should be performed, and any knowledge
gaps should be filled before beginning work. (More
information about training programs can be found in
Chapter 2, section 2.G.)

4.C TOXIC EFFECTS OF
LABORATORY CHEMICALS

4.C.1 Basic Principles

The chemicals encountered in the laboratory have
a broad spectrum of physical, chemical, and toxico-
logical properties and physiological effects. The risks
associated with chemicals must be well understood
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prior to their use in an experiment. The risk of toxic
effects is related to both the extent of exposure and the
inherent toxicity of a chemical. As discussed in detail
below, extent of exposure is determined by the dose,
the duration and frequency of exposure, and the route
of exposure. Exposure to even large doses of chemicals
with little inherent toxicity, such as phosphate buffer,
presents low risk. In contrast, even small quantities of
chemicals with high inherent toxicity or corrosivity
may cause significant adverse effects. The duration and
frequency of exposure are also critical factors in deter-
mining whether a chemical will produce harmful ef-
fects. A single exposure to some chemicals is sufficient
to produce an adverse health effect; for other chemicals
repeated exposure is required to produce toxic effects.
For most substances, the route of exposure (through the
skin, the eyes, the gastrointestinal tract, or the respira-
tory tract) is also an important consideration in risk
assessment. For chemicals that are systemic toxicants,
the internal dose to the target organ is a critical factor.
Exposure to acute toxicants can be guided by well-
defined toxicity parameters based on animal studies
and often human exposure from accidental poisoning.
The analogous quantitative data needed to make deci-
sions about the neurotoxicity and immunogenicity of
various chemicals is often unavailable.

When considering possible toxicity hazards while
planning an experiment, recognizing that the combina-
tion of the toxic effects of two substances may be significantly
greater than the toxic effect of either substance alone is
important. Because most chemical reactions produce
mixtures of substances with combined toxicities that
have never been evaluated, it is prudent to assume that
mixtures of different substances (i.e., chemical reaction
mixtures) will be more toxic than their most toxic ingre-
dient. Furthermore, chemical reactions involving two
or more substances may form reaction products that
are significantly more toxic than the starting reactants.
This possibility of generating toxic reaction products
may not be anticipated by trained laboratory personnel
in cases where the reactants are mixed unintentionally.
For example, inadvertent mixing of formaldehyde (a
common tissue fixative) and hydrogen chloride results
in the generation of bis(chloromethyl)ether, a potent
human carcinogen.

All laboratory personnel must understand certain
basic principles of toxicology and recognize the ma-
jor classes of toxic and corrosive chemicals. The next
sections of this chapter summarize the key concepts
involved in assessing the risks associated with the use
of toxic chemicals in the laboratory. (Also see Chapter
6, section 6.D.) Box 4.1 provides a quick guide for per-
forming a toxicity-based risk assessment for laboratory
chemicals.
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4.C.1.1 Dose-Response Relationships

Toxicology is the study of the adverse effects of
chemicals on living systems. The basic tenets of toxi-
cology are that no substance is entirely safe and that all
chemicals result in some toxic effects if a high enough
amount (dose) of the substance comes in contact with
a living system. As mentioned in Chapter 2, Paracelsus
noted that the dose makes the poison and is perhaps
the most important concept for all trained laboratory
personnel to know. For example, water, a vital sub-
stance for life, results in death if a sufficiently large
amount (i.e., gallons) is ingested at one time. On the
other hand, sodium cyanide, a highly lethal chemical,
produces no permanent (acute) effects if a living sys-
tem is exposed to a sufficiently low dose. The single
most important factor that determines whether a sub-
stance is harmful (or, conversely, safe) to an individual
is the relationship between the amount (and concen-
tration) of the chemical reaching the target organ, and
the toxic effect it produces. For all chemicals, there is
a range of concentrations that result in a graded effect
between the extremes of no effect and death. In toxi-
cology, this range is referred to as the dose-response
relationship for the chemical. The dose is the amount
of the chemical and the response is the effect of the
chemical. This relationship is unique for each chemi-
cal, although for similar types of chemicals, the dose-
response relationships are often similar. (See Figure
4.2.) Among the thousands of laboratory chemicals, a
wide spectrum of doses exists that are required to pro-
duce toxic effects and even death. For most chemicals,
a threshold dose has been established (by rule or by
consensus) below which a chemical is not considered
to be harmful to most individuals.

In these curves, dosage is plotted against the per-
cent of the population affected by the dosage. Curve
A represents a compound that has an effect on some
percent of the population even at small doses. Curve
B represents a compound that has an effect only above
a dosage threshold.

Some chemicals (e.g., dioxin) produce death in
laboratory animals exposed to microgram doses and
therefore are extremely toxic. Other substances, how-
ever, have no harmful effects following doses in excess
of several grams. One way to evaluate the acute toxic-
ity (i.e., the toxicity occurring after a single exposure)
of laboratory chemicals involves their lethal dose 50
(LDs,) or lethal concentration 50 (LCy,) value. The LD,
is defined as the amount of a chemical that when in-
gested, injected, or applied to the skin of a test animal
under controlled laboratory conditions kills one-half
(50%) of the animals. The LDy, is usually expressed
in milligrams or grams per kilogram of body weight.
For volatile chemicals (i.e., chemicals with sufficient
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BOX 4.1
Quick Guide for Toxicity Risk Assessment of Chemicals

The following outline provides a summary of the steps
discussed in this chapter that trained laboratory personnel
should use to assess the risks of handling toxic chemicals.
Note that if a laboratory chemical safety summary (LCSS) is
not already available, this enables a worker to prepare his
or her own LCSS.

Identify chemicals to be used and circum-
stances of use. Identify the chemicals involved
in the proposed experiment and determine the
amounts that will be used. Is the experiment to be
done once, or will the chemicals be handled repeat-
edly? Will the experiment be conducted in an open
laboratory, in an enclosed apparatus, or in a chemi-
cal fume hood? Is it possible that new or unknown
substances will be generated in the experiment? Are
any of the trained laboratory personnel involved in
the experiment pregnant or likely to become preg-
nant? Do they have any known sensitivities to specific
chemicals?

. Consult sources of information. Consult an

up-to-date LCSS for each chemical involved in the
planned experiment or examine an up-to-date mate-
rial safety data sheet (MSDS) if an LCSS is not avail-
able. In cases where substances with significant or
unusual potential hazards are involved, consult more
detailed references such as Patnaik (2007), Bingham
et al. (2001), and other sources discussed in section
4.B. Depending on the laboratory personnels level
of experience and the degree of potential hazard
associated with the proposed experiment, obtain
the assistance of supervisors and safety professionals
before proceeding with risk assessment.

. Evaluate type of toxicity. Use the above sources

of information to determine the type of toxicity asso-
ciated with each chemical involved in the proposed
experiment. Are any of the chemicals to be used
acutely toxic or corrosive? Are any of the chemicals
to be used irritants or sensitizers? Will any select
carcinogens or possibly carcinogenic substances be
encountered? Consult the listings of the resources
described in section C.4.6 of this chapter to identify
chemical similarities to known carcinogens. Are any
chemicals involved in the proposed experiment sus-
pected to be reproductive or developmental toxins
or neurotoxins?

. Consider possible routes of exposure. De-

termine the potential routes of exposure for each
chemical. Are the chemicals gases, or are they volatile

enough to present a significant risk of exposure
through inhalation? If liquid, can the substances be
absorbed through the skin? Is it possible that dusts
or aerosols will be formed in the experiment? Does
the experiment involve a significant risk of inadver-
tent ingestion or injection of chemicals?

5. Evaluate quantitative information on
toxicity. Consult the information sources to deter-
mine the LDy, discussed in section 4.C.1.1 of this
chapter, for each chemical via the relevant routes
of exposure. Determine the acute toxicity hazard
level for each substance, classifying each chemi-
cal as highly toxic, moderately toxic, slightly toxic,
and so forth. For substances that pose inhalation
hazards, take note of the threshold limit value-time
weighted average (TLV-TWA), shortterm exposure
limit, and permissible exposure limit values. (See
section 4.C.2.1.)

6. Select appropriate procedures to minimize
exposure. Use the basic prudent practices for
handling chemicals, which are discussed in Chapter
6, section 6.C for all work with chemicals in the
laboratory. In addition, determine whether any of
the chemicals to be handled in the planned experi-
ment meet the definition of a particularly hazardous
substance due to high acute toxicity, carcinogenic-
ity, and/or reproductive toxicity. If so, consider the
total amount of the substance that will be used, the
expected frequency of use, the chemical’s routes of
exposure, and the circumstances of its use in the
proposed experiment. As discussed in this chapter,
use this information to determine whether it is ap-
propriate to apply the additional procedures for
work with highly toxic substances and whether
additional consultation with safety professionals is
warranted (see Chapter 6, section 6.D).

7. Prepare for contingencies. Note the signs
and symptoms of exposure to the chemicals to be
used in the proposed experiment. Note appropriate
measures to be taken in the event of exposure or
accidental release of any of the chemicals, including
first aid or containment actions.

Note: See Box 4.2 for a quick guide for assessing
the physical, flammable, explosive, and reac-
tive hazards in the laboratory and Box 4.3 for a
quick guide for assessing biological hazards in
the laboratory.
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FIGURE 4.2 A simple representation of possible dose-response curves.

vapor pressure that inhalation is an important route of
chemical entry into the body), the LC, is often reported
instead of the LDg,. The LC, is the concentration of
the chemical in air that will kill 50% of the test animals
exposed to it. The LCy, is given in parts per million,
milligrams per liter, or milligrams per cubic meter. Also
reported are LC; y and LD,  values, which are defined
as the lowest concentration or dose that causes the
death of test animals. In general, the larger the LD, or
LC,,, the more chemical it takes to kill the test animals
and, therefore, the lower the toxicity of the chemical.
Although lethal dose values may vary among animal
species and between animals and humans, chemicals
that are highly toxic to animals are generally highly
toxic to humans.

4.C.1.2 Duration and Frequency of Exposure

Toxic effects of chemicals occur after single (acute),
intermittent (repeated), or long-term repeated (chronic)
exposure. An acutely toxic substance causes damage as
the result of a single short-duration exposure. Hydro-
gen cyanide, hydrogen sulfide, and nitrogen dioxide
are examples of acute toxins. In contrast, a chronically
toxic substance causes damage after repeated or long-
duration exposure or causes damage that becomes
evident only after a long latency period. Chronic toxins
include all carcinogens, reproductive toxins, and cer-
tain heavy metals and their compounds. Many chronic
toxins are extremely dangerous because of their long
latency periods: the cumulative effect of low expo-
sures to such substances may not become apparent for
many years. Many chemicals may be hazardous both
acutely and chronically depending on exposure level
and duration.

In a general sense, the longer the duration of ex-

posure, that is, the longer the body (or tissues in the
body) is in contact with a chemical, the greater the
opportunity for toxic effects to occur. Frequency of
exposure also has an important influence on the nature
and extent of toxicity. The total amount of a chemical
required to produce a toxic effect is generally less for
a single exposure than for intermittent or repeated ex-
posures because many chemicals are eliminated from
the body over time, because injuries are often repaired,
and because tissues may adapt in response to repeated
low-dose exposures. Some toxic effects occur only af-
ter long-term exposure because sufficient amounts of
chemical cannot be attained in the tissue by a single
exposure. Sometimes a chemical has to be present in
a tissue for a considerable time to produce injury. For
example, the neurotoxic and carcinogenic effects from
exposure to heavy metals usually require long-term,
repeated exposure.

The time between exposure to a chemical and onset
of toxic effects varies depending on the chemical and
the exposure. For example, the toxic effects of carbon
monoxide, sodium cyanide, and carbon disulfide are
evident within minutes. The chemical reaches the
target organ rapidly and the organ responds rapidly.
For many chemicals, the toxic effect is most severe
between one and a few days after exposure. However,
some chemicals produce delayed toxicity; in fact, the
neurotoxicity produced by some chemicals is not ob-
served until a few weeks after exposure. Delayed toxic
effects are produced by chemical carcinogens and some
organ toxins that produce progressive diseases such as
pulmonary fibrosis and emphysema: in humans, it usu-
ally takes 10 to 30 years between exposure to a known
human carcinogen and the detection of a tumor, and
pulmonary fibrosis may take 10 or more years to result
in symptoms.
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4.C.1.3 Routes of Exposure

Exposure to chemicals in the laboratory occurs by
several routes: (1) inhalation, (2) contact with skin or
eyes, (3) ingestion, and (4) injection. Important features
of these different pathways are detailed below.

4.C.1.3.1

Toxic materials that enter the body via inhalation
include gases, the vapors of volatile liquids, mists and
sprays of both volatile and nonvolatile liquid sub-
stances, and solid chemicals in the form of particles,
fibers, and dusts. Inhalation of toxic gases and vapors
produces poisoning by absorption through the mucous
membranes of the mouth, throat, and lungs and also
damages these tissues seriously by local action. Inhaled
gases and vapors pass into the capillaries of the lungs
and are carried into the circulatory system, where
absorption is extremely rapid. Because of the large
surface area of the lungs in humans (approximately
75 m?), they are the main site for absorption of many
toxic materials.

The factors governing the absorption of gases and
vapors from the respiratory tract differ significantly
from those that govern the absorption of particulate
substances. Factors controlling the absorption of in-
haled gases and vapors include the solubility of the gas
in body fluids and the reactivity of the gas with tissues
and the fluid lining the respiratory tract. Gases or va-
pors that are highly water soluble, such as methanol,
acetone, hydrogen chloride, and ammonia, dissolve
predominantly in the lining of the nose and windpipe
(trachea) and therefore tend to be absorbed from those
regions. These sites of absorption are also potential
sites of toxicity. Formaldehyde is an example of a reac-
tive highly water-soluble vapor for which the nose is
a major site of deposition. In contrast to water-soluble
gases, reactive gases with low water solubility, such
as ozone, phosgene, and nitrogen dioxide, penetrate
farther into the respiratory tract and thus come into
contact with the smaller tubes of the airways. Gases
and vapors that are not water soluble but are more
fat soluble, such as benzene, methylene chloride, and
trichloroethylene, are not completely removed by
interaction with the surfaces of the nose, trachea, and
small airways. As a result, these gases penetrate the
airways down into the deep lung, where they can dif-
fuse across the thin alveoli lung tissue into the blood.
The more soluble a gas is in the blood, the more it will
be dissolved and transported to other organs.

For inhaled solid chemicals, an important factor in
determining if and where a particle will be deposited
in the respiratory tract is its size. One generalization
is that the largest particles (>5 pm) are deposited pri-
marily in the nose, smaller particles (1 to 5 pm) in the

Inhalation

trachea and small airways, and the smallest particles
in the alveoli region of the lungs. Thus, depending on
the size of an inhaled particle, it will be deposited in
different sections of the respiratory tract, and the loca-
tion affects the local toxicity and the absorption of the
material. In general, particles that are water soluble
dissolve within minutes or days, and chemicals that
are not water soluble but have a moderate degree of
fat solubility also clear rapidly into the blood. Those
that are not water soluble or highly fat soluble do not
dissolve and are retained in the lungs for long periods
of time. Metal oxides, asbestos, fiberglass, and silica are
examples of water-insoluble inorganic particles that are
retained in the lungs for years.

A number of factors affect the airborne concentra-
tions of chemicals, but vapor pressure (the tendency
of molecules to escape from the liquid or solid phase
into the gaseous phase) is the most important charac-
teristic. The higher the vapor pressure is, the greater the
potential concentration of the chemical in the air. For
example, acetone (with a vapor pressure of 180 mmHg
at 20 °C) reaches an equilibrium concentration in air
of 240,000 ppm, or approximately 24%. Fortunately,
the ventilation system in most laboratories prevents
an equilibrium concentration from developing in the
breathing zone of laboratory personnel.

Even very low vapor pressure chemicals are danger-
ous if the material is highly toxic. A classic example is
elemental mercury. Although the vapor pressure of
mercury at room temperature is only 0.0012 mmHg,
the resulting equilibrium concentration of mercury
vapor is 1.58 ppm, or approximately 13 mg/m?3. The
TLV for mercury is 0.05 mg/m?, more than two orders
of magnitude lower.

The vapor pressure of a chemical increases with
temperature; therefore, heating solvents or reaction
mixtures increases the potential for high airborne con-
centrations. Also, a spilled volatile chemical evaporates
very quickly because of its large surface area, creating
a significant exposure potential. Clearly, careful han-
dling of volatile chemicals is very important; keeping
containers tightly closed or covered and using volatiles
in laboratory chemical hoods help avoid unnecessary
exposure to inhaled chemicals.

Certain types of particulate materials also present
potential for airborne exposure. If a material has a very
low density or a very small particle size, it tends to
remain airborne for a considerable time. For example,
the very fine dust cloud generated by emptying a low-
density particulate (e.g., vermiculite or nanomaterials)
into a transfer vessel takes a long time to settle. Such
operations should therefore be carried out in a labora-
tory chemical hood or in a glovebox.

Operations that generate aerosols (suspensions of
microscopic droplets in air), such as vigorous boiling,
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high-speed blending, or bubbling gas through a lig-
uid, increase the potential for exposure via inhalation.
Consequently, these and other such operations on toxic
chemicals should also be carried out in a laboratory
chemical hood.

4.C.1.3.2  Contact with Skin or Eyes

Chemical contact with the skin is a frequent mode
of injury in the laboratory. Many chemicals injure the
skin directly by causing skin irritation and allergic skin
reactions. Corrosive chemicals cause severe burns. In
addition to causing local toxic effects, many chemicals
are absorbed through the skin in sufficient quantity to
produce systemic toxicity. The main avenues by which
chemicals enter the body through the skin are the hair
follicles, sebaceous glands, sweat glands, and cuts or
abrasions of the outer layer. Absorption of chemicals
through the skin depends on a number of factors,
including chemical concentration, chemical reactiv-
ity, and the solubility of the chemical in fat and water.
Absorption is also dependent on the condition of the
skin, the part of the body exposed, and duration of
contact. Differences in skin structure affect the degree
to which chemicals are absorbed. In general, toxicants
cross membranes and thin skin (e.g., scrotum) much
more easily than thick skin (e.g., palms). Although an
acid burn on the skin is felt immediately, an alkaline
burn takes time to be felt and its damage goes deeper
than the acid. When skin is damaged, penetration of
chemicals increases. Acids and alkalis injure the skin
and increase its permeability. Burns and skin diseases
are the most common examples of skin damage that in-
crease penetration. Also, hydrated skin absorbs chemi-
cals better than dehydrated skin. Some chemicals such
as dimethyl sulfoxide actually increase the penetration
of other chemicals through the skin by increasing its
permeability.

Contact of chemicals with the eyes is of particular
concern because the eyes are sensitive to irritants. Few
substances are innocuous in contact with the eyes; most
are painful and irritating, and a considerable number
are capable of causing burns and loss of vision. Alka-
line materials, phenols, and acids are particularly cor-
rosive and can cause permanent loss of vision. Because
the eyes contain many blood vessels, they also are a
route for the rapid absorption of many chemicals.

4.C.1.3.3 Ingestion

Many of the chemicals used in the laboratory are
extremely hazardous if they enter the mouth and are
swallowed. The gastrointestinal tract, which consists of
the mouth, esophagus, stomach, and small and large
intestines, can be thought of as a tube of variable di-
ameter (approximately 5 m long) with a large surface
area (approximately 200 m?) for absorption. Toxicants
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that enter the gastrointestinal tract must be absorbed
into the blood to produce a systemic injury, although
some chemicals are caustic or irritating to the gastroin-
testinal tract tissue itself. Absorption of toxicants takes
place along the entire gastrointestinal tract, even in the
mouth, and depends on many factors, including the
physical properties of the chemical and the speed at
which it dissolves. Absorption increases with surface
area, permeability, and residence time in various seg-
ments of the tract. Some chemicals increase intestinal
permeability and thus increase the rate of absorption.
More chemical will be absorbed if the chemical re-
mains in the intestine for a long time. If a chemical is
in a relatively insoluble solid form, it will have limited
contact with gastrointestinal tissue, and its rate of
absorption will be low. If it is an organic acid or base,
it will be absorbed in that part of the gastrointestinal
tract where it is most fat soluble. Fat-soluble chemicals
are absorbed more rapidly and extensively than water-
soluble chemicals.

4.C.1.3.4 Injection

Exposure to toxic chemicals by injection does not
occur frequently in the laboratory, but it occurs inad-
vertently through mechanical injury from sharp objects
such as glass or metal contaminated with chemicals
or syringes used for handling chemicals. The intrave-
nous route of administration is especially dangerous
because it introduces the toxicant directly into the
bloodstream, eliminating the process of absorption.
Nonlaboratory personnel, such as custodial workers
or waste handlers, must be protected from exposure
by placing sharp objects in special trash containers and
not ordinary scrap baskets. Hypodermic needles with
blunt ends are available for laboratory use.

4.C.2 Assessing Risks of Exposure to Toxic
Laboratory Chemicals

Exposure to a harmful chemical results in local toxic
effects, systemic toxic effects, or both. Local effects
involve injury at the site of first contact; the eyes, the
skin, the nose and lungs, and the digestive tract are
typical sites of local reactions. Examples of local effects
include (1) inhalation of hazardous materials causing
toxic effects in the nose and lungs; (2) contact with
harmful materials on the skin or eyes leading to effects
ranging from mild irritation to severe tissue damage;
and (3) ingestion of caustic substances causing burns
and ulcers in the mouth, esophagus, stomach, and
intestines. Systemic effects, by contrast, occur after the
toxicant has been absorbed from the site of contact into
the bloodstream and distributed throughout the body.
Some chemicals produce adverse effects on all tissues
of the body, but others tend to selectively injure a par-
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ticular tissue or organ without affecting others. The
affected organ (e.g., liver, lungs, kidney, and central
nervous system) is referred to as the target organ of
toxicity, although it is not necessarily the organ where
the highest concentration of the chemical is found.
Hundreds of systemic toxic effects of chemicals are
known; they result from single (acute) exposures or
from repeated or long-duration (chronic) exposures
that become evident only after a long latency period.

Toxic effects are classified as either reversible or
irreversible. Reversible toxicity is possible when tis-
sues have the capacity to repair toxic damage, and
the damage disappears after cessation of exposure. Ir-
reversible damage, in contrast, persists after cessation
of exposure. Recovery from a burn is a good example
of reversible toxicity; cancer is considered irreversible,
although appropriate treatment may reduce the effects
in this case.

Laboratory chemicals are grouped into several
classes of toxic substances, and many chemicals dis-
play more than one type of toxicity. The first step in
assessing the risks associated with a planned labora-
tory experiment involves identifying which chemicals
in the proposed experiment are potentially hazardous
substances. The OSHA Laboratory Standard (29 CFR §
1910.1450) defines a hazardous substance as a chemi-
cal for which there is statistically significant evidence
based on at least one study conducted in accordance
with established scientific principles that acute or
chronic health effects may occur in exposed employees.
The term “health hazard” includes chemicals that are
carcinogens, toxic or highly toxic agents, reproductive
toxins, irritants, corrosives, sensitizers, hepatotoxins,
nephrotoxins, neurotoxins, agents that act on the hema-
topoietic systems, and agents that damage the lungs,
skin, eyes, or mucous membranes.

The OSHA Laboratory Standard further requires
that certain chemicals be identified as particularly
hazardous substances (commonly known as PHSs)
and handled using special additional procedures. PHSs
include chemicals that are select carcinogens (those
strongly implicated as a potential cause of cancer in
humans), reproductive toxins, and compounds with a
high degree of acute toxicity. When working with these
substances for the first time, it is prudent to consult
with a safety professional prior to beginning work. This

will provide a second set of trained eyes to review the
safety protocols in place and will help ensure that any
special emergency response requirements can be met
in the event of exposure of personnel to the material
or accidental release.

Highly flammable and explosive substances make
up another category of hazardous compounds, and
the assessment of risk for these classes of chemicals
is discussed in section 4.D. This section considers the
assessment of risks associated with specific classes of
toxic chemicals, including those that pose hazards due
to acute toxicity and chronic toxicity.

The following are the most common classes of toxic
substances encountered in laboratories.

4.C.2.1 Acute Toxicants

Acute toxicity is the ability of a chemical to cause
a harmful effect after a single exposure. Acutely toxic
agents cause local toxic effects, systemic toxic effects,
or both, and this class of toxicants includes corrosive
chemicals, irritants, and allergens (sensitizers).

In assessing the risks associated with acute toxicants,
it is useful to classify a substance according to the
acute toxicity hazard level as shown in Table 4.1. LD,
values can be found in the LCSS or MSDS for a given
substance, and in references such as Sax’s Dangerous
Properties of Industrial Materials (Lewis, 2004), A Com-
prehensive Guide to the Hazardous Properties of Chemical
Substances, 3rd Edition (Patnaik, 2007), and the Registry
of Toxic Effects of Chemical Substances (RTECS) (NIOSH).
Table 4.2 relates test animal LD, values expressed as
milligrams or grams per kilogram of body weight to
the probable human lethal dose, expressed in easily
understood units, for a 70-kg person.

Special attention is given to any substance classi-
fied according to the above criteria as having a high
level of acute toxicity hazard. Chemicals with a high
level of acute toxicity make up one of the categories of
PHSs defined by the OSHA Laboratory Standard. Any
compound rated as highly toxic in Table 4.1 meets the
OSHA criteria for handling as a PHS.

Table 4.3 lists some of the most common chemicals
with a high level of acute toxicity that are encountered
in the laboratory. These compounds are handled us-
ing the additional procedures outlined in Chapter 6,

TABLE 4.1 Acute Toxicity Hazard Level

Hazard Oral LDy, Skin Contact LD, Inhalation LC, Inhalation LCg,
Level Toxicity Rating (rats, per kg) (rabbits, per kg) (rats, ppm for 1 h) (rats, mg/m? for 1 h)
High Highly toxic <50 mg <200 mg <200 <2,000

Medium Moderately toxic 50 to 500 mg 200mgtolg 200 to 2,000 2,000 to 20,000

Low Slightly toxic 500mgto5g 1to5g 2,000 to 20,000 20,000 to 200,000
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TABLE 4.2 DProbable Lethal Dose for Humans

Animal LD;;,  Lethal Dose When Ingested
Toxicity Rating (per kg) by 70-kg (150-Ib) Human
Extremely toxic <5mg A taste (<7 drops)
Highly toxic 5 to 50 mg Between 7 drops and 1 tsp
Moderately toxic 50to 500 mg  Between 1 tsp and 1 oz
Slightly toxic 500mgto5g Between1 oz and 1 pint

Practically nontoxic >5¢g >1 pint

SOURCE: Modified, by permission, from Gosselin et al. (1984);
reprinted by permission from Lippincott Williams and Wilkins,
http:/ /lww.com.

section 6.D. In some circumstances, all these special
precautions may not be necessary, such as when the
total amount of an acutely toxic substance is a small
fraction of the harmful dose. An essential part of pru-
dent experiment planning is to determine whether a
chemical with a high degree of acute toxicity should
be treated as a PHS in the context of a specific planned
use. This determination not only involves consider-
ation of the total amount of the substance to be used
but also requires a review of the physical properties of
the substance (e.g., Is it volatile? Does it tend to form
dusts?), its potential routes of exposure (e.g., Is it read-
ily absorbed through the skin?), and the circumstances
of its use in the proposed experiment (e.g., Will the
substance be heated? Is there likelihood that aerosols
may be generated?). Depending on the laboratory per-
sonnel’s level of experience and the degree of potential
hazard, this determination may require consultation
with supervisors and safety professionals.

Because the greatest risk of exposure to many labo-
ratory chemicals is by inhalation, trained laboratory
personnel must understand the use of exposure limits
that have been established by agencies such as OSHA
and NIOSH and by an organization such as ACGIH.

The TLV assigned by the ACGIH, defines the concen-
tration of a chemical in air to which nearly all individu-
als can be exposed without adverse effects. These limits
reflect a view of an informed scientific community and
are not legal standards. They are designed to be an aid
to industrial hygienists. The TLV time-weighted aver-
age (TWA) refers to the concentration safe for exposure
during an entire 8-hour workday; the TLV-STEL is a

TABLE 4.3 Examples of Compounds with a High
Level of Acute Toxicity

Acrolein Methyl fluorosulfonate

Arsine Nickel carbonyl

Chlorine Nitrogen dioxide

Diazomethane Osmium tetroxide

Diborane (gas) Ozone

Dimethyl mercury Phosgene

Hydrogen cyanide Sodium azide

Hydrogen fluoride Sodium cyanide (and other cyanide salts)
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higher concentration to which workers may be exposed
safely for a 15-minute period up to four times during an
8-hour shift and at least 60 minutes between these pe-
riods. TLVs are intended for use by professionals after
they have read and understood the documentation of
the TLV for the chemical or physical agent under study.

OSHA defines the permissible exposure limit (PEL)
analogously to the ACGIH values, with correspond-
ing 8-hour TWA and ceiling limits based on either a
15-minute TWA or an instantaneous reading, which-
ever is possible. In some cases, OSHA also defines a
maximum peak concentration that cannot be exceeded
beyond a given duration. Compliance with PELs is
required, and the limits are enforceable by OSHA. PEL
values allow trained laboratory personnel to quickly
determine the relative inhalation hazards of chemi-
cals. In general, substances with 8-hour TWA PELs of
less than 50 ppm should be handled in a laboratory
chemical hood. Comparison of these values to the odor
threshold for a given substance often indicates whether
the odor of the chemical provides sufficient warning
of possible hazard. However, individual differences
in ability to detect some odors as well as anosmia for
ethylene oxide or olfactory fatigue for hydrogen sul-
fide can limit the usefulness of odors as warning signs
of overexposure. LCSSs contain information on odor
threshold ranges and whether a substance is known to
cause olfactory fatigue.

Recommended exposure limits (RELs) are occupa-
tional exposure limits recommended by NIOSH to pro-
tect the health and safety of individuals over a working
lifetime. Compliance with RELs is not required by
law. RELs may also be expressed as a ceiling limit that
should never be exceeded over a given time period,
but the limit is usually expressed as a TWA exposure
for up to 10 hours per day during a 40-hour workweek.
As with TLVs, RELs are also expressed as STELs. One
should not exceed the STEL for longer than 15 minutes
at anytime throughout a workday.

A variety of devices are available for measuring the
concentration of chemicals in laboratory air, so that the
degree of hazard associated with the use of a chemical
is assessed directly. Industrial hygiene offices of many
institutions assist trained laboratory personnel in mea-
suring the air concentrations of chemicals.

4.C.3 Types of Toxins
4.C.3.1 lIrritants, Corrosive Substances, Allergens,
and Sensitizers

Lethal dose and other quantitative toxicological pa-
rameters generally provide little guidance in assessing
the risks associated with corrosives, irritants, allergens,
and sensitizers because these toxic substances exert
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their harmful effects locally. It would be very useful
for the chemical research community if a quantitative
measure for such effects were developed. When plan-
ning an experiment that involves corrosive substances,
basic prudent handling practices should be reviewed
to ensure that the skin, face, and eyes are protected
adequately by the proper choice of corrosion-resistant
gloves and protective clothing and eyewear, including,
in some cases, face shields. Similarly, LD5, and LC;,
data are not indicators of the irritant effects of chemi-
cals, and therefore special attention should be paid to
the identification of irritant chemicals by consulting
LCSSs, MSDSs, and other sources of information.
Allergens and sensitizers are another class of acute
toxicants with effects that are not included in LD, or
LC,, data.

4.C3.1.1

Irritants are noncorrosive chemicals that cause re-
versible inflammatory effects (swelling and redness) on
living tissue by chemical action at the site of contact.
A wide variety of organic and inorganic chemicals are
irritants, and consequently, skin and eye contact with
all reagent chemicals in the laboratory should be mini-
mized. Examples include formaldehyde, iodine, and
benzoyl chloride.

Irritants

4.C.3.1.2 Corrosive Substances

Corrosive substances are those that cause destruc-
tion of living tissue by chemical action at the site of
contact and are solids, liquids, or gases. Corrosive
effects occur not only on the skin and eyes but also in
the respiratory tract and, in the case of ingestion, in the
gastrointestinal tract as well. Corrosive materials are
probably the most common toxic substances encoun-
tered in the laboratory. Corrosive liquids are especially
dangerous because their effect on tissue is rapid. Bro-
mine, sulfuric acid, aqueous sodium hydroxide solu-
tion, and hydrogen peroxide are examples of highly
corrosive liquids. Corrosive gases are also frequently
encountered. Gases such as chlorine, ammonia, chlo-
ramine, and nitrogen dioxide damage the lining of the
lungs, leading, after a delay of several hours, to the
fatal buildup of fluid known as pulmonary edema.
Finally, a number of solid chemicals have corrosive
effects on living tissue. Examples of common corro-
sive solids include sodium hydroxide, phosphorus,
and phenol. If dust from corrosive solids is inhaled, it
causes serious damage to the respiratory tract.

There are several major classes of corrosive sub-
stances. Strong acids such as nitric, sulfuric, and hy-
drochloric acid cause serious damage to the skin and
eyes. Hydrofluoric acid is particularly dangerous and
produces slow-healing painful burns (see Chapter 6,
section 6.G.6). Strong bases, such as metal hydroxides

and ammonia, are another class of corrosive chemicals.
Strong dehydrating agents, such as phosphorus pent-
oxide and calcium oxide, have a powerful affinity for
water and cause serious burns on contact with the skin.
Finally, strong oxidizing agents, such as concentrated
solutions of hydrogen peroxide, also have serious cor-
rosive effects and should never come into contact with
the skin or eyes.

4.C.3.1.3 Allergens and Sensitizers

A chemical allergy is an adverse reaction by the
immune system to a chemical. Such allergic reactions
result from previous sensitization to that chemical
or a structurally similar chemical. Once sensitiza-
tion occurs, allergic reactions result from exposure to
extremely low doses of the chemical. Some allergic
reactions are immediate, occurring within a few min-
utes after exposure. Anaphylactic shock is a severe
immediate allergic reaction that results in death if not
treated quickly. Delayed allergic reactions take hours
or even days to develop, the skin is the usual site of
such delayed reactions, becoming red, swollen, and
itchy. Delayed chemical allergy occurs even after the
chemical has been removed; contact with poison ivy is
a familiar example of an exposure that causes a delayed
allergic reaction due to uroshiol. Also, just as people
vary widely in their susceptibility to sensitization by
environmental allergens such as dust and pollen, indi-
viduals also exhibit wide differences in their sensitivity
to laboratory chemicals.

Because individuals differ widely in their tendency
to become sensitized to allergens, compounds with a
proven ability to cause sensitization should be classi-
fied as highly toxic agents within the institution’s CHP.
When working with chemicals known to cause allergic
sensitization, follow institutional policy on handling
and containment of allergens and highly toxic agents.
Once a person has become sensitized to an allergen,
subsequent contact often leads to immediate or de-
layed allergic reactions.

Because an allergic response is triggered in a sen-
sitized individual by an extremely small quantity of
the allergen, it may occur despite personal protection
measures that are adequate to protect against the acute
effects of chemicals. Laboratory personnel should
be alert for signs of allergic responses to chemicals.
Examples of chemical substances that cause allergic
reactions in some individuals include diazomethane;
dicyclohexylcarbodiimide; formaldehyde and phe-
nol derivatives; various isocyanates (e.g., methylene
diphenyl diisocyanate (MDI) or toluene diisocyanate
(TDI), used in adhesives, elastomers, and coatings);
benzylic and allylic halides; metals including nickel,
beryllium, platinum, cobalt, tin, and chromium; and
acid anhydrides such as acetic anhydrides.
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4.C.3.2 Asphyxiants

Asphyxiants are substances that interfere with the
transport of an adequate supply of oxygen to vital
organs of the body. The brain is the organ most eas-
ily affected by oxygen starvation, and exposure to
asphyxiants leads to rapid collapse and death. Simple
asphyxiants are substances that displace oxygen from
the air being breathed to such an extent that adverse
effects result. Acetylene, carbon dioxide, argon, he-
lium, ethane, nitrogen, and methane are common as-
phyxiants. Certain other chemicals have the ability to
combine with hemoglobin, thus reducing the capacity
of the blood to transport oxygen. Carbon monoxide,
hydrogen cyanide, and certain organic and inorganic
cyanides are examples of such substances.

4.C.3.3 Neurotoxins

Neurotoxic chemicals induce an adverse effect on
the structure or function of the central or peripheral
nervous system, which can be permanent or reversible.
The detection of neurotoxic effects may require special-
ized laboratory techniques, but often they are inferred
from behavior such as slurred speech and staggered
gait. Many neurotoxins are chronically toxic substances
with adverse effects that are not immediately appar-
ent. Some chemical neurotoxins that may be found in
the laboratory are mercury (inorganic and organic),
organophosphate pesticides, carbon disulfide, xylene,
tricholoroethylene, and n-hexane. (For information
about reducing the presence of mercury in laboratories,
see Chapter 5, section 5.B.8.)

4.C.3.4 Reproductive and Developmental Toxins

Reproductive toxins are defined by the OSHA Labo-
ratory Standard as substances that cause chromosomal
damage (mutagens) and substances with lethal or
teratogenic (malformation) effects on fetuses. These
substances have adverse effects on various aspects of
reproduction, including fertility, gestation, lactation,
and general reproductive performance, and can af-
fect both men and women. Many reproductive toxins
are chronic toxins that cause damage after repeated
or long-duration exposures with effects that become
evident only after long latency periods. Developmental
toxins act during pregnancy and cause adverse effects
on the fetus; these effects include embryo lethality
(death of the fertilized egg, embryo, or fetus), terato-
genic effects, and postnatal functional defects. Male
reproductive toxins in some cases lead to sterility.

When a pregnant woman is exposed to a chemi-
cal, generally the fetus is exposed as well because the
placenta is an extremely poor barrier to chemicals.
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Embryotoxins have the greatest impact during the
first trimester of pregnancy. Because a woman often does
not know that she is pregnant during this period of high
susceptibility, women of childbearing potential are advised
to be especially cautious when working with chemicals,
especially those rapidly absorbed through the skin (e.g.,
formamide). Pregnant women and women intending to
become pregnant should seek advice from knowledge-
able sources before working with substances that are
suspected to be reproductive toxins. As minimal pre-
cautions, the general procedures outlined in Chapter 6,
section 6.D, should be followed, though in some cases it
will be appropriate to handle the compounds as PHSs.

For example, among the numerous reproductive
hazards to female laboratory scientists, gestational
exposure to organic solvents should be of concern
(HHS/CDC/NIOSH, 1999; Khattak et al., 1999). Some
common solvents in high doses have been shown to
be teratogenic in laboratory animals, resulting in de-
velopmental defects. Although retrospective studies
of the teratogenic risk in women of childbearing age
of occupational exposure to common solvents have
reached mixed conclusions, at least one such study of
exposure during pregnancy to multiple solvents de-
tected increased fetal malformations. Thus, inhalation
exposure to organic solvents should be minimized dur-
ing pregnancy. Also, exposure to lead or to anticancer
drugs, such as methotrexate, or to ionizing radiation
can cause infertility, miscarriage, birth defects, and low
birth weight. Certain ethylene glycol ethers such as
2-ethoxyethanol and 2-methoxyethanol can cause mis-
carriages. Carbon disulfide can cause menstrual cycle
changes. One cannot assume that any given substance
is safe if no data on gestational exposure are available.

Specific hazards of chemical exposure are associated
with the male reproductive system, including sup-
pression of sperm production and survival, alteration
in sperm shape and motility, and changes in sexual
drive and performance. Various reproductive hazards
have been noted in males following exposure to ha-
logenated hydrocarbons, nitro aromatics, arylamines,
ethylene glycol derivatives, mercury, bromine, carbon
disulfide, and other chemical reagents (HHS/CDC/
NIOSH, 1996).

Information on reproductive toxins can be obtained
from LCSSs, MSDSs, and by consulting safety profes-
sionals in the environmental safety department, indus-
trial hygiene office, or medical department. Literature
sources of information on reproductive and develop-
mental toxins include the Catalog of Teratogenic Agents
(Shepard and Lemire, 2007), Reproductively Active
Chemicals: A Reference Guide (Lewis, 1991), and “What
Every Chemist Should Know About Teratogens” in the
Journal of Chemical Education (Beyler and Meyers, 1982).
The State of California maintains a list of chemicals it
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considers reproductive toxins, and additional informa-
tion can be found through the NLM TOXNET system.
The study of reproductive toxins is an active area of
research, and laboratory personnel should consult
resources that are updated regularly for information.

4.C.3.5 Toxins Affecting Other Target Organs

Target organs outside the reproductive and neuro-
logical systems are also affected by toxic substances in
the laboratory. Most of the chlorinated hydrocarbons,
benzene, other aromatic hydrocarbons, some met-
als, carbon monoxide, and cyanides, among others,
produce one or more effects in target organs. Such an
effect may be the most probable result of exposure to
the particular chemical. Although this chapter does not
include specific sections on liver, kidney, lung, or blood
toxins, many of the LCSSs mention those effects in the
toxicology section.

4.C.3.6 Carcinogens

A carcinogen is a substance capable of causing can-
cer. Cancer, in the simplest sense, is the uncontrolled
growth of cells and can occur in any organ. The mecha-
nism by which cancer develops is not well understood,
but the current thinking is that some chemicals interact
directly with DNA, the genetic material in all cells,
to result in permanent alterations. Other chemical
carcinogens modify DNA indirectly by changing the
way cells grow. Carcinogens are chronically toxic sub-
stances; that is, they cause damage after repeated or
long-duration exposure, and their effects may become
evident only after a long latency period. Carcinogens
are particularly insidious toxins because they may have
no immediate apparent harmful effects.

Because cancer is a widespread cause of human
mortality, and because exposure to chemicals may play
a significant role in the onset of cancer, a great deal of
attention has been focused on evaluation of the carcino-
genic potential of chemicals. However, a vast majority
of substances involved in research, especially in labora-
tories concerned primarily with the synthesis of novel
compounds, have not been tested for carcinogenicity.
Compounds that are known to pose the greatest car-
cinogenic hazard are referred to as select carcinogens,
and they constitute another category of substances
that must be handled as PHSs according to the OSHA
Laboratory Standard. A select carcinogen is defined
in the OSHA Laboratory Standard as a substance that
meets one of the following criteria:

1. Itis regulated by OSHA as a carcinogen.
2. It is listed as known to be a carcinogen in the
latest Annual Report on Carcinogens issued by

the National Toxicology Program (NTP) (HHS/
CDC/NTP, 2005).

3. It is listed under Group 1 (carcinogenic to hu-
mans) by the International Agency for Research
on Cancer (IARC).

4. Ttislisted under IARC Group 2A (probably carci-
nogenic to humans) or 2B (possibly carcinogenic
to humans), or under the category “reasonably
anticipated to be a carcinogen by the NTP,” and
causes statistically significant tumor incidence
in experimental animals in accordance with any
of the following criteria: (a) after inhalation ex-
posure of 6 to 7 hours per day, 5 days per week,
for a significant portion of a lifetime to dosages
of less than 10 mg/m3; (b) after repeated skin ap-
plication of less than 300 mg/kg of body weight
per week; or (c) after oral dosages of less than 50
mg/kg of body weight per day.

Chemicals that meet the criteria of a select carcinogen
are classified as PHSs and should be handled using the
basic prudent practices given in Chapter 6, section 6.C,
supplemented by the additional special practices out-
lined in Chapter 6, section 6.D. Work with compounds
that are possible human carcinogens may or may not
require the additional precautions given in section
6.D. For these compounds, the LCSS should indicate
whether the substance meets the additional criteria
listed in category 4 and must therefore be treated as a
select carcinogen. If an LCSS is not available, consulta-
tion with a safety professional such as a CHO may be
necessary to determine whether a substance should be
classified as PHS. Lists of known human carcinogens
and compounds that are “reasonably anticipated to
be carcinogens” based on animal tests can be found in
the 11th Report on Carcinogens (HHS/CDC/NTP, 2005).
This report is updated periodically. Check the NTP Web
site (ntp.niehs.nih.gov) for the most recent edition. Ad-
ditional information can be found on the OSHA and
IARC Web sites (www.osha.gov and www.iarc.fr).

In the laboratory many chemical substances are
encountered for which there is no animal test or hu-
man epidemiological data on carcinogenicity. In these
cases, trained laboratory personnel must evaluate the
potential risk that the chemical in question is a carci-
nogenic substance. This determination is sometimes
made on the basis of knowledge of the specific classes
of compounds and functional group types that have
previously been correlated with carcinogenic activity.
For example, chloromethyl methyl ether is a known
human carcinogen and therefore is regarded as an
OSHA select carcinogen requiring the handling proce-
dures outlined in section 6.D. On the other hand, the
carcinogenicity of ethyl chloromethyl ether and certain
other alkyl chloromethyl ethers is not established, and
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these substances do not necessarily have to be treated
as select carcinogens. However, because of the chemical
similarity of these compounds to chloromethyl methyl
ether, these substances may have comparable carci-
nogenicity, and it is prudent to regard them as select
carcinogens requiring the special handling procedures
outlined in section 6.D.

Whether a suspected carcinogenic chemical is treated
as a PHS in the context of a specific laboratory use is
affected by the scale and circumstances associated with
the intended experiment. Trained laboratory person-
nel must decide whether the amount and frequency of
use, as well as other circumstances, require additional
precautions beyond the basic prudent practices of
section 6.C. For example, the large-scale or recurring
use of such a chemical might suggest that the special
precautions of section 6.D be followed to control expo-
sure, whereas adequate protection from a single use of
a small amount of such a substance may be obtained
through the use of the basic procedures in section 6.C.

When evaluating the carcinogenic potential of
chemicals, note that exposure to certain combinations
of compounds (not necessarily simultaneously) causes
cancer even at exposure levels where neither of the
individual compounds would have been carcinogenic.
1,8,9-Trihydroxyanthracene and certain phorbol esters
are examples of tumor promoters that are not carcino-
genic themselves but dramatically amplify the carcino-
genicity of other compounds. Understand that the re-
sponse of an organism to a toxicant typically increases
with the dose given, but the relationship is not always a
linear one. Some carcinogenic alkylating agents exhibit
a dose threshold above which the tendency to cause
mutations increases markedly. At lower doses, natural
protective systems prevent genetic damage, but when
the capacity of these systems is overwhelmed, the or-
ganism becomes much more sensitive to the toxicant.
However, individuals have differences in the levels of
protection against genetic damage as well as in other
defense systems. These differences are determined in
part by genetic factors and in part by the aggregate
exposure of the individual to all chemicals within and
outside the laboratory.

4.C.3.7 Control Banding

Control banding is a qualitative risk assessment and
management approach to assist in determining the ap-
propriate handling of materials without occupational
exposure limits (OELs) and to minimize the exposure
of personnel to hazardous material.? It is not intended
to be a replacement for OELs but as an additional
tool. The system uses a range of exposure and hazard

2For information on how OELs are determined, see Alaimo (2001).
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“bands” that, when mapped for a given material and
application, help the user determine the appropriate
safety controls that should be in place. The approach
is built on two major premises: (1) there are a limited
number of control approaches and (2) that many prob-
lems have been encountered and solved before. Control
banding uses the solutions that experts have developed
previously to control occupational chemical exposures
and applies those solutions to other tasks with similar
exposure concerns.

By considering the physical and chemical character-
istics and hazards posed by the material (e.g., toxicity),
the quantity used, the intended use or application, and
the mode of exposure (e.g., inhalation), a graduated
scale of controls can be applied, from general venti-
lation requirements to requiring containment of the
material to recommending that the user seek expert
advice. Because this approach is expected to provide
simplified guidance for assessing hazards and apply-
ing controls, it is anticipated that control banding will
have utility for small- and medium-size nonchemical
businesses; however, larger companies may also find
it useful for prioritizing chemical hazards and hazard
communication.

Note that a number of control banding models exist,
each with its own level of complexity and applicabil-
ity to a variety of scenarios. Within the United States,
questions about the utility of control banding for
workplaces initiated a review by NIOSH on the criti-
cal issues and potential applications of the system. The
resulting report, Qualitative Risk Characterization and
Management of Occupational Hazards: Control Banding
(CB) (HHS/CDC/NIOSH, 2009b), can be found on the
NIOSH Web site. It provides an overview of the major
concepts and methodologies and presents a critical
analysis of control banding.

Control banding is of interest internationally, and
variations on the methodology can be found in many
countries. More information about control band-
ing can be found by consulting these Web sites and
articles.

* (UK Health and Safety Executive) Control of Sub-
stances Hazardous to Health Regulations, www.
coshh-essentials.org.uk/

¢ ILO Programme on Safety and Health at Work and
the Environment (SafeWork), www.ilo.org/

e NIOSH, www.cdc.gov/niosh/

¢ “Training Health and Safety Committees to Use
Control Banding: Lessons Learned and Opportu-
nities for the United States” (Bracker et al., 2009)

e “Evaluation of COSHH Essentials: Methylene
Chloride, Isopropanol, and Acetone Exposures in
a Small Printing Plant” (Lee et al., 2009)
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* “Application of a Pilot Control Banding Tool for
Risk Level Assessment and Control of Nanopar-
ticle Exposures” (Paik et al., 2008)

e “’Stoffenmanager,” a Web-Based Control Band-
ing Tool Using an Exposure Process Model”
(Marquart et al., 2008)

¢ “History and Evolution of Control Banding: A
Review” (Zalk and Nelson, 2008)

e “Control Banding: Issues and Opportunities.” A Re-
port of the ACGIH Exposure Control Banding Task
Force (ACGIH, 2008a)

e “Evaluation of the Control Banding Method—
Comparison with Measurement-Based Compre-
hensive Risk Assessment” (Hashimoto et al., 2007)

* Guidance for Conducting Control Banding Analyses
(American Industrial Hygiene Association, 2008)

4.D FLAMMABLE, REACTIVE, AND
EXPLOSIVE HAZARDS

In addition to the hazards due to the toxic effects of
chemicals, hazards due to flammability, explosivity,
and reactivity need to be considered in risk assess-
ment. These hazards are described in detail in the
following sections. Further information can be found
in Bretherick’s Handbook of Reactive Chemical Hazards
(Urben, 2007), an extensive compendium that is the
basis for lists of incompatible chemicals included in
other reference works. The handbook describes com-
putational protocols that consider thermodynamic and
kinetic parameters of a system to arrive at quantitative
measures such as the reaction hazard index. Reac-
tive hazards arise when the release of energy from a
chemical reaction occurs in quantities or at rates too
great for the energy to be absorbed by the immedi-
ate environment of the reacting system, and material
damage results. An additional resource is the Hazard-
ous Chemical Handbook (Carson and Mumford, 2002).
The book is geared toward an industrial audience and
contains basic descriptions of chemical hazards along
with technical guidance.

Box 4.2 is a quick guide for assisting in the assess-
ment of the physical, flammable, explosive, and reac-
tive hazards in the laboratory.

4.D.1 Flammable Hazards

4.D.1.1 Flammable Substances

Flammable substances, those that readily catch fire
and burn in air, may be solid, liquid, or gaseous. The
most common fire hazard in the laboratory is a flam-
mable liquid or the vapor produced from such a liquid.
An additional hazard is that a compound can enflame
so rapidly that it produces an explosion. Proper use of

substances that cause fire requires knowledge of their
tendencies to vaporize, ignite, or burn under the vari-
ety of conditions in the laboratory.

For a fire to occur, three conditions must exist simul-
taneously: an atmosphere containing oxygen, usually
air; a fuel, such as a concentration of flammable gas
or vapor that is within the flammable limits of the
substance; and a source of ignition (see Figure 4.3).
Prevention of the coexistence of flammable vapors and
an ignition source is the optimal way to deal with the
hazard. When the vapors of a flammable liquid cannot
always be controlled, strict control of ignition sources is
the principal approach to reduce the risk of flammabil-
ity. The rates at which different liquids produce flam-
mable vapors depend on their vapor pressures, which
increase with increasing temperature. The degree of
fire hazard of a substance depends also on its ability to
form combustible or explosive mixtures with air and on
the ease of ignition of these mixtures. Also important
are the relative density and solubility of a liquid with
respect to water and of a gas with respect to air. These
characteristics can be evaluated and compared in terms
of the following specific properties.

4.D.1.2 Flammability Characteristics
4.D.1.2.1 Flash Point

The flash point is the lowest temperature at which
a liquid has a sufficient vapor pressure to form an ig-
nitable mixture with air near the surface of the liquid.
Note that many common organic liquids have a flash
point below room temperature: for example, acetone
(-18 °C), benzene (-11.1 °C), diethyl ether (-45 °C),
and methyl alcohol (11.1 °C). The degree of hazard
associated with a flammable liquid also depends on
other properties, such as its ignition point and boiling
point. Commercially obtained chemicals are clearly
labeled as to flammability and flash point. Consider
the example of acetone given in section 4.C.1.3.1. At
ambient pressure and temperature, an acetone spill
produces a concentration as high as 23.7% acetone in
air. Although it is not particularly toxic, with a flash
point of —18 °C and upper and lower flammable lim-
its of 2.6% and 12.8% acetone in air, respectively (see
Table 4.4), clearly an acetone spill produces an extreme
fire hazard. Thus the major hazard given for acetone in
the LCSS is flammability.

4.D.1.2.2 Ignition Temperature

The ignition temperature (autoignition temperature)
of a substance, whether solid, liquid, or gaseous, is the
minimum temperature required to initiate or cause
self-sustained combustion independent of the heat
source. The lower the ignition temperature, the greater
the potential for a fire started by typical laboratory
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The following outline provides a summary of the steps
discussed in this chapter that laboratory personnel should
use to assess the risks of managing physical hazards in the
laboratory.

1. Identify chemicals to be used and circum-
stances of use. Identify the chemicals involved
in the proposed experiment and determine the
amounts that will be used. Is the experiment to be
done once, or will the chemicals be handled repeat-
edly? Will the experiment be conducted in an open
laboratory, in an enclosed apparatus, or in a chemi-
cal fume hood? Is it possible that new or unknown
substances will be generated in the experiment?

2. Consult sources of information. Consult an
up-to-date laboratory chemical safety summary,
material safety data sheet, or NIOSH Pocket Guide
to Chemical Hazards (HHS/CDC/NIOSH, 2007). In
cases where substances with significant or unusual
potential physical hazards are involved, consult more
detailed references such as Urben (2007) and other
sources discussed in section 4.B of this chapter. De-
pending on the laboratory personnels level of experi-
ence and the degree of potential hazard associated
with the proposed experiment, obtain the assistance
of supervisors and safety professionals before pro-
ceeding with risk assessment.

3. Evaluate type of physical, flammable, ex-
plosive, or reactive hazard(s) posed by the
chemicals. Use the above sources of information to
determine the hazards associated with each chemi-
cal involved in the proposed experiment. Examples
of questions that could be asked are: Are any of the
chemicals to be used corrosive? Are any of the chemi-
cals to be used flammable or explosive? Are any of the
chemicals strong oxidizers? Will the reaction result in
a large release of gases? Are any cryogens required?

4. Evaluate the hazards posed by chemical
changes over the course of the experiment.
Consider the changes in pressure, heat, flammabil-
ity, and explosivity during the experiment. If the

BOX 4.2
Quick Guide to Risk Assessment for Physical, Flammable,
Explosive, and Reactive Hazards in the Laboratory

experiment is a scale-up of a reaction, consider how
changes in gas production and temperature may
change the engineering controls required for safety.

5. Evaluate type of physical hazard(s) posed
by the equipment required. Review procedures
for correct use of all equipment. Identify heat and
ignition sources and consider appropriate placement
for them in the laboratory. Are any pieces of equip-
ment going to be under high or low pressure (e.g.,
a vacuum line)? Is the glassware free of cracks and
chips?

6. Select appropriate procedures to minimize
risk. Use the basic prudent practices for handling
chemicals, which are discussed in Chapter 6, sec-
tion 6.C for all work with chemicals in the laboratory
and the guidance on using laboratory equipment in
Chapter 7. Determine if the chemicals or equipment
in use pose physical hazards to laboratory personnel.
If so, consider methods to minimize the risk posed
by the hazard through substitution with another
chemical, if possible, or use of engineering controls
(e.g., chemical fume hoods, grounding cables, inert
atmospheres) and personal protective equipment if
not. Use information in this chapter and Chapter 7
to determine whether it is appropriate to apply the
additional procedures before continuing work and
whether additional consultation with safety profes-
sionals is warranted (see section 4.D).

7. Prepare for contingencies. Be aware of institu-
tional procedures in the event of emergencies and
accidents. Some questions to consider are: What are
appropriate measures to take in the event of fire, ex-
plosion, or injury? What are the appropriate first-aid
procedures in the event of heat, cold, or chemical
burns? What is the procedure in the event of an
emergency or non-emergency spill of the chemicals?

NOTE: For a quick guide for assessing the toxicity
hazards associated with laboratory chemicals, see
Box 4.1. For a quick guide for assessing biological
hazards in the laboratory, see Box 4.3.

equipment. A spark is not necessary for ignition when
the flammable vapor reaches its autoignition tempera-
ture. For instance, carbon disulfide has an ignition tem-
perature of 90 °C, and it can be set off by a steam line
or a glowing light bulb. Diethyl ether has an ignition
temperature of 160 °C and can be ignited by a hot plate.

4.D.1.2.3  Limits of Flammability

Each flammable gas and liquid (as a vapor) has
two fairly definite limits of flammability defining the
range of concentrations in mixtures with air that will
propagate a flame and cause an explosion. At the low
extreme, the mixture is oxygen rich but contains insuf-
ficient fuel. The lower flammable limit (lower explosive
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limit [LEL]) is the minimum concentration (percent by
volume) of the fuel (vapor) in air at which a flame is
propagated when an ignition source is present. The
upper flammable limit (upper explosive limit [UEL]) is
the maximum concentration (percent by volume) of the
vapor in air above which a flame is not propagated. The
flammable range (explosive range) consists of all con-
centrations between the LEL and the UEL. This range
becomes wider with increasing temperature and in
oxygen-rich atmospheres and also changes depending
on the presence of other components. The limitations of
the flammability range, however, provide little margin
of safety from the practical point of view because, when
a solvent is spilled in the presence of an energy source,
the LEL is reached very quickly and a fire or explosion
ensues before the UEL is reached.

4.D.1.3 Classes of Flammability

Several systems are in use for classifying the flam-
mability of materials. Some (e.g., Class I—flammable
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FIGURE 4.3 The fire triangle.

TABLE 4.4 NFPA Fire Hazard Ratings, Flash Points (FP), Boiling Points (bp), Ignition
Temperatures, and Flammable Limits of Some Common Laboratory Chemicals

NFPA Flash

Boiling

.. Flammable Limits
Ignition

Flammability Point Point Temperature (% by volume)

Rating” (°C) (°C) (°C) Lower Upper
Acetaldehyde 4 -39 21 175 4 60
Acetic acid (glacial) 2 39 118 463 4 19.9
Acetone 3 -20 56 465 2.5 12.8
Acetonitrile 3 6 82 524 3 16
Carbon disulfide 4 =30 46 90 1.3 50
Cyclohexane 3 -20 82 245 1.3 8
Diethylamine 3 -23 57 312 1.8 10.1
Diethyl ether 4 -45 35 180 19 36
Dimethyl sulfoxide 2 95 189 215 2.6 42
Ethyl alcohol 3 13 78 363 3.3 19
Heptane 3 —4 98 204 1.05 6.7
Hexane 3 =22 69 225 1.1 7.5
Hydrogen 4 -252 500 4 75
Isopropyl alcohol 3 12 83 399 2 12.7 @ 200 (93)
Methyl alcohol 3 11 64 464 6 36
Methyl ethyl ketone 3 -9 80 404 1.4@200 (93) 11.4@ 200 (93)
Pentane 4 <-40 36 260 15 7.8
Styrene 3 31 146 490 0.9 6.8
Tetrahydrofuran 3 -14 66 321 2 11.8
Toluene 3 4 111 480 1.1 7.1
p-Xylene 3 25 138 528 1.1 7

0, will not burn under typical fire conditions; 1, must be preheated to burn, liquids with FP > 93.4 °C (200 °F); 2, ignitable
when moderately heated, liquids with FP between 37.8 °C (100 °F) and 93.4 °C (200 °F); 3, ignitable at ambient temperature,
liquids with FP < 22.8 °C (73 °F), bp 2 37.8 °C (100 °F) or FP between 22.8 °C and 37.8 °C (100 °F); 4, extremely flammable,
readily dispersed in air, and burns readily, liquids with FP < 22.8 °C (73 °F), bp < 37.8 °C (100 °F).

SOURCE: Adapted with permission from Fire Guide to Hazardous Materials (13th Edition), Copyright © 2001, National Fire

Protection Association.
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liquid, see Chapter 5, section 5.E.5, Table 5.2) apply
to storage or transportation considerations. Another
(Class A, B, C—paper, liquid, electrical fire) specifies
the type of fire extinguisher to be used (see Chapter 7,
section 7.F.2 on emergency equipment). To assess risk
quickly, the most direct indicator is the NFPA system,
which classifies flammables according to the severity
of the fire hazard with numbers 0 to 4 in order of in-
creasing hazard: 0, will not burn; 1, must be preheated
to burn; 2, ignites when moderately heated; 3, ignites
atnormal temperature; 4, extremely flammable (Figure
4.4). Substances rated 3 or 4 under this system require
particularly careful handling and storage in the labora-
tory. Some vendors include the NFPA hazard diamond
on the labels of chemicals. The Fire Protection Guide on
Hazardous Materials (NFPA, 2001) contains a compre-
hensive listing of flammability data and ratings. Note
that other symbols may be found in the Special Hazard
quadrant of the diamond. These symbols (see Table 4.5)
are not endorsed by NFPA.

The NFPA fire hazard ratings, flash points, boiling
points, ignition temperatures, and flammability limits
of a number of common laboratory chemicals are given
in Table 4.4 and in the LCSSs (see accompanying CD).
The data illustrate the range of flammability for liquids
commonly used in laboratories. Dimethyl sulfoxide

Health (Blue)

0 —Hazard no greater than ordinary material

| = May cause irritation; minimal residual
injury

2 — Intense or prolonged exposure may cause
incapacitation; residual injury may occur
if not treated

3 — Exposure could cause serious injury even
if treated

4 — Exposure may cause death

Special Hazard (White)
OX - Oxidizer
- — Water reactive. use no water

Hazard

Special

PRUDENT PRACTICES IN THE LABORATORY

and glacial acetic acid (NFPA fire hazard ratings of
1 and 2, respectively) are handled in the laboratory
without great concern about their fire hazards. By con-
trast, both acetone (NFPA rating 3) and diethyl ether
(NFPA rating 4) have flash points well below room
temperature.

Note that tabulations of properties of flammable
substances are based on standard test methods, which
have very different conditions from those encountered
in practical laboratory use. Large safety factors should
be applied. For example, the published flammability
limits of vapors are for uniform mixtures with air. In a
real situation, local concentrations that are much higher
than the average may exist. Thus, it is good practice
to set the maximum allowable concentration for safe
working conditions at some fraction of the tabulated
LEL; 10% is a commonly accepted value.

Among the most hazardous liquids are those that
have flash points near or below 38 °C (100 °F) accord-
ing to OSHA (29 CFR § 1910.106) and below 60.5 °C
(140.9 °F) according to the U.S. Department of Trans-
portation (49 CFR § 173.120). These materials can be
hazardous in the common laboratory environment.
There is particular risk if their range of flammability
is broad. Note that some commonly used substances
are potentially very hazardous, even under relatively

Flammability (Red)

0 —Will not burn

1 — Must be preheated for ignition; flashpoint
above 93°C (200°F)

2 — Must be moderately heated for ignition,
flashpoint above 38°C (100°F)

3 — Ignition may occur under most ambient
conditions, flashpoint below
38°C (100°F)

4 — Extremely flammable and will readily

disperse through air under standard

conditions, flashpoint below 23°C (78°F)

Instability (Yellow)

0 - Stable

1 — May become unstable at elevated
temperatures and pressures, may be mildly
water reactive

2 - Unstable; may undergo violent
decomposition, but will not detonate. May
form explosive mixtures with water

3 — Detonates with strong ignition source

4 — Readily detonates

FIGURE 4.4 National Fire Protection Association (NFPA) system for classification of hazards.

SOURCE: Reproduced with permission from NFPA 704-2007. System for the Identification of the Hazards of Materials for Emergency
Response, Copyright © 2007 National Fire Protection Association. This symbol is for illustrative purposes only. The NFPA does
not classify individual chemicals and is not responsible in any way for the numerical values assigned to any chemical.
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TABLE 4.5 Additional Symbols Seen in the NFPA

Diamond
Symbol Meaning
ACID Acid
ALK Alkali
CORR Corrosive
‘i‘ Radioactive

cool conditions (see Table 4.4). Some flammable liquids
maintain their flammability even at concentrations
of 10% by weight in water. Methanol and isopropyl
alcohol have flash points below 38 °C (100 °F) at con-
centrations as low as 30% by weight in water. High-
performance liquid chromatography users generate
acetonitrile-water mixtures that contain from 15-30%
acetonitrile in water, a waste that is considered toxic
and flammable and thus cannot be added to a sewer.

Because of its extreme flammability and tendency for
peroxide formation, diethyl ether is available for labo-
ratory use only in metal containers. Carbon disulfide
is almost as hazardous.

4.D.1.4 Causes of Ignition
4.D.1.4.1

Spontaneous ignition (autoignition) or combustion
takes place when a substance reaches its ignition tem-
perature without the application of external heat. The
possibility of spontaneous combustion should always
be considered, especially when storing or disposing of
materials. Examples of materials susceptible to spon-
taneous combustion include oily rags, dust accumula-
tions, organic materials mixed with strong oxidizing
agents (e.g., nitric acid, chlorates, permanganates,
peroxides, and persulfates), alkali metals (e.g., sodium
and potassium), finely divided pyrophoric metals, and
phosphorus.

Spontaneous Combustion

4.D.1.4.2 Ignition Sources

Potential ignition sources in the laboratory include
the obvious torch and Bunsen burner, as well as a
number of less obvious electrically powered sources
ranging from refrigerators, stirring motors, and heat
guns to microwave ovens (see Chapter 7, section 7.C).
Whenever possible, open flames should be replaced
by electrical heating. Because the vapors of most
flammable liquids are heavier than air and capable of
traveling considerable distances, special note should be
taken of ignition sources situated at a lower level than
that at which the substance is being used. Flammable
vapors from massive sources such as spills have been

known to descend into stairwells and elevator shafts
and ignite on a lower story. If the path of vapor within
the flammable range is continuous, as along a floor or
benchtop, the flame propagates itself from the point of
ignition back to its source.

Metal lines and vessels discharging flammable sub-
stances should be bonded and grounded properly to
discharge static electricity. There are many sources of
static electricity, particularly in cold dry atmospheres,
and caution should be exercised.

4.D.1.4.3 Oxidants Other Than Oxygen

The most familiar fire involves a combustible mate-
rial burning in air. However, the oxidant driving a fire
or explosion need not be oxygen itself, depending on
the nature of the reducing agent. All oxidants have
the ability to accept electrons, and fuels are reducing
agents or electron donors [see Young (1991)].

Examples of nonoxygen oxidants are shown in
Table 4.6. When potassium ignites on addition to wa-
ter, the metal is the reducing agent and water is the
oxidant. If the hydrogen produced ignites, it becomes
the fuel for a conventional fire, with oxygen as the oxi-
dant. In ammonium nitrate explosions, the ammonium
cation is oxidized by the nitrate anion. These hazardous
combinations are treated further in section 4.D.2. (See
Chapter 6, section 6.F, for a more detailed discussion
on flammable substances.)

4.D.1.5 Special Hazards

Compressed or liquefied gases present fire hazards
because the heat causes the pressure to increase and
the container may rupture (Yaws and Braker, 2001).
Leakage or escape of flammable gases produces an
explosive atmosphere in the laboratory; acetylene,
hydrogen, ammonia, hydrogen sulfide, propane, and
carbon monoxide are especially hazardous.

Even if not under pressure, a liquefied gas is more
concentrated than in the vapor phase and evaporates
rapidly. Oxygen is an extreme hazard and liquefied air
is almost as dangerous because nitrogen boils away
first, leaving an increasing concentration of oxygen.
Liquid nitrogen standing for a period of time may have
condensed enough oxygen to require careful handling.
When a liquefied gas is used in a closed system, pres-

TABLE 4.6 Examples of Oxidants

Gases: chlorine, fluorine, nitrous oxide, oxygen, ozone, steam

Liquids: bromide, hydrogen peroxide, nitric acid, perchloric acid,
sulfuric acid

Solids: bromates, chlorates, chlorites, chromates, dichromates,
hypochlorites, iodates, nitrates, nitrites, perchlorates, peroxides,
permanganates, picrates
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sure may build up and adequate venting is required. If
the liquid is flammable (e.g., hydrogen and methane),
explosive concentrations may develop without warn-
ing unless an odorant has been added. Flammability,
toxicity, and pressure buildup become more serious on
exposure of gases to heat.

(Also see Chapter 6, section 6.G.2.5, for more
information.)

4.D.2 Reactive Hazards

4.D.2.1 Water Reactives

Water-reactive materials are those that react violently
with water. Alkali metals (e.g., lithium, sodium, and
potassium), many organometallic compounds, and
some hydrides react with water to produce heat and
flammable hydrogen gas, which ignites or combines
explosively with atmospheric oxygen. Some anhy-
drous metal halides (e.g., aluminum bromide), oxides
(e.g., calcium oxide), and nonmetal oxides (e.g., sulfur
trioxide), and halides (e.g., phosphorus pentachloride)
react exothermically with water, resulting in a violent
reaction if there is insufficient coolant water to dissi-
pate the heat produced.

(See Chapter 6, section 6.G, for further information.)

4.D.2.2 Pyrophorics

For pyrophoric materials, oxidation of the com-
pound by oxygen or moisture in air proceeds so rapidly
that ignition occurs. Many finely divided metals are
pyrophoric, and their degree of reactivity depends on
particle size, as well as factors such as the presence of
moisture and the thermodynamics of metal oxide or
metal nitride formation. Other reducing agents, such
as metal hydrides, alloys of reactive metals, low-valent
metal salts, and iron sulfides, are also pyrophoric.

4.D.2.3 Incompatible Chemicals

Accidental contact of incompatible substances re-
sults in a serious explosion or the formation of sub-
stances that are highly toxic or flammable or both.
Although trained laboratory personnel question the
necessity of following storage compatibility guidelines,
the reasons for such guidelines are obvious after read-
ing descriptions of laboratories following California
earthquakes in recent decades [see Pine (1994)]. Those
who do not live in seismically active zones should take
these accounts to heart, as well. Other natural disasters
and chemical explosions themselves can set off shock
waves that empty chemical shelves and result in inad-
vertent mixing of chemicals.

Some compounds pose either a reactive or a toxic
hazard, depending on the conditions. Thus, hydro-
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cyanic acid (HCN), when used as a pure liquid or gas
in industrial applications, is incompatible with bases
because it is stabilized against (violent) polymeriza-
tion by the addition of acid inhibitor. HCN can also be
formed when cyanide salt is mixed with an acid. In this
case, the toxicity of HCN gas, rather than the instability
of the liquid, is the characteristic of concern.

Some general guidelines lessen the risks involved
with these substances. Concentrated oxidizing agents
are incompatible with concentrated reducing agents.
Indeed, either may pose a reactive hazard even with
chemicals that are not strongly oxidizing or reducing.
For example, sodium or potassium, strong reducing
agents frequently used to dry organic solvents, are
extremely reactive toward halocarbon solvents (which
are not strong oxidizing agents). Strong oxidizing
agents are frequently used to clean glassware, but they
should be used only on the last traces of contaminating
material. Because the magnitude of risk depends on
quantities, chemical incompatibilities will not usually
pose much, if any, risk if the quantity of the substance
is small (a solution in an NMR tube or a microscale
synthesis). However, storage of commercially obtained
chemicals (e.g., in 500-g jars or 1-L bottles) should be
carefully managed from the standpoint of chemical
compatibility.

(For more information about compatible and incom-
patible chemicals, see Chapter 5, section 5.E.2.)

4.D.3 Explosive Hazards

4.D.3.1 Explosives

An explosive is any chemical compound or me-
chanical mixture that, when subjected to heat, im-
pact, friction, detonation, or other suitable initiation,
undergoes rapid chemical change, evolving large
volumes of gases that exert pressure on the surround-
ing medium. The term applies to materials that either
detonate or deflagrate. Heat, light, mechanical shock,
and certain catalysts initiate explosive reactions. Hy-
drogen and chlorine react explosively in the presence
of light. Acids, bases, and other substances catalyze
the explosive polymerization of acrolein, and many
metal ions can catalyze the violent decomposition of
hydrogen peroxide. Shock-sensitive materials include
acetylides, azides, nitrogen triiodide, organic nitrates,
nitro compounds, perchlorate salts (especially those of
heavy metals such as ruthenium and osmium), many
organic peroxides, and compounds containing diazo,
halamine, nitroso, and ozonide functional groups.

Table 4.7 lists a number of explosive compounds.
Some are set off by the action of a metal spatula on the
solid; some are so sensitive that they are set off by the
action of their own crystal formation. Diazomethane
(CH,N,) and organic azides, for example, may decom-
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TABLE 4.7 Functional Groups in Some Explosive Compounds

Structural Feature

Compound

Structural Feature Compound

— C=C — Acetylenic compounds
— C=C —Metal Metal acetylides
— C=C—X Haloacetylene derivatives
N=N
Cl/ Diazirines
7N\
N
. CN, Diazo compounds
N
—/C —N=0 Nitroso compounds
_\ C—NO Nitroalkanes, C-nitro and
Vs 2 polynitroaryl compounds
NO,
N C ’ Polynitroalkyl
/N NO compounds
2
N
—/ C—0—N=O0 Acyl or alkyl nitrites
AN
—/ C—0—NO, Acyl or alkyl nitrates
~_ 7 M .
cC—C 1,2-Epoxides

/o

AN
C=N—0O—Metal
/

Metal fulminates or aci-
nitro salts

e
— ? —F Fluorodinciltromethyl
compounds
NO,
N
y N—Metal N-Metal derivatives
N
. N—N=O N-Nitroso compounds
N
Y N—NO, N-Nitro compounds
N s
—/C— N :N—C\— Azo compounds

N %
—C—N=N—0—C—
/ \

Arenediazoates

AN /
—C—N=N—S—C—
/ N

Arenediazo aryl sulfides

N /
—C—N=N—O—N=N—C—
/ AN

Bis-arenediazo oxides

Bis-arenediazo sulfides

N /
—C—N=N—S—N=N—C—
/ N

AN /
—/C—N —N—N—C— Trizazenes (R = H, —CN,

\R AN -OH, —NO)
\N: N—N:N/ High-nitrogen
V4 AN compounds, tetrazoles
AN
—/ C—0—0—H Alkylhydroperoxides
AN
—/C—CO—COOH Peroxyacids

Peroxides (cyclic, diacyl,

AN /
_/ C_O_O_C\_ dialkyl)

Peroxyesters

N
—C—CO—COOR
/

Metal peroxides,
peroxoacid salts

—O—0—Metal

—O—0—Non-metal

Peroxoacids

Aminechromium
peroxocomplexes

N—>CI’—02

Azides (acyl, halogen,
nonmetal, organic)

_N3

Diazoniumsulfides and
derivatives, “xanthates”

N
—C—N,*S"
/

Hydrazinium salts,
oxosalts of nitrogenous
bases

N*-HZ

Hydroxylammonium
salts

—N*-OH Z'

N
—C—Ny*Z
/

Diazonium carboxylates
or salts

(N-Metal)*Z-

Aminemetal oxosalts

Ar—Metal—X
X—Ar—Metal

Halo-arylmetals

Halogen azides,
N-halogen compounds,
N-haloimides

N—X

Difluoroamino
compounds

_NF2

Alkyl perchlorates,
chlorite salts, halogen
oxides, hypohalites,
perchloric acid,
perchloryl compounds

—0—X

SOURCE: Carson and Mumford (2002). Reprinted from Hazardous
Chemicals Handbook (Second Edition), Carson, P. and Mumford, C.
“Reactive Chemicals”, p. 228, Copyright 2002, with permission from
Elsevier.
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pose explosively when exposed to a ground glass joint
or other sharp surfaces (Organic Syntheses, 1973, 1961).

4.D.3.2 Azos, Peroxides, and Peroxidizables

Organic azo compounds and peroxides are among
the most hazardous substances handled in the chemi-
cal laboratory but are also common reagents that often
are used as free radical sources and oxidants. They are
generally low-power explosives that are sensitive to
shock, sparks, or other accidental ignition. They are
far more shock sensitive than most primary explosives
such as TNT. Inventories of these chemicals should
be limited and subject to routine inspection. Many
require refrigerated storage. Liquids or solutions of
these compounds should not be cooled to the point at
which the material freezes or crystallizes from solution,
however, because this significantly increases the risk
of explosion. Refrigerators and freezers storing such
compounds should have a backup power supply in
the event of electricity loss. Users should be familiar
with the hazards of these materials and trained in their
proper handling.

Certain common laboratory chemicals form per-
oxides on exposure to oxygen in air (see Tables 4.8
and 4.9). Over time, some chemicals continue to build
peroxides to potentially dangerous levels, whereas
others accumulate a relatively low equilibrium con-
centration of peroxide, which becomes dangerous only
after being concentrated by evaporation or distillation.
(See Chapter 6, section 6.G.3.) The peroxide becomes
concentrated because it is less volatile than the par-
ent chemical. A related class of compounds includes
inhibitor-free monomers prone to free radical poly-
merization that on exposure to air can form peroxides
or other free radical sources capable of initiating
violent polymerization. Note that care must be taken
when storing and using these monomers—most of the
inhibitors used to stabilize these compounds require
the presence of oxygen to function properly, as de-
scribed below. Always refer to the MSDS and supplier
instructions for proper use and storage of polymeriz-
able monomers.

Essentially all compounds containing C—H bonds
pose the risk of peroxide formation if contaminated
with various radical initiators, photosensitizers, or
catalysts. For instance, secondary alcohols such as
isopropanol form peroxides when exposed to normal
fluorescent lighting and contaminated with photosen-
sitizers, such as benzophenone. Acetaldehyde, under
normal conditions, autoxidizes to form acetic acid.
Although this autoxidation proceeds through a per-
oxy acid intermediate, the steady-state concentrations
of that intermediate are extremely low and pose no
hazard. However, in the presence of catalysts (Co?*)
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TABLE 4.8 C(lasses of Chemicals That Can Form
Peroxides

Class A: Chemicals that form explosive levels of peroxides
without concentration

Isopropyl ether Sodium amide (sodamide)
Butadiene Tetrafluoroethylene
Chlorobutadiene (chloroprene) Divinyl acetylene
Potassium amide Vinylidene chloride

Potassium metal

Class B: These chemicals are a peroxide hazard on concentration
(distillation/evaporation). A test for peroxide should be
performed if concentration is intended or suspected.* (See

Chapter 6, section 6.C.3)
Acetal Dioxane (p-dioxane)
Cumene Ethylene glycol dimethyl
Cyclohexene ether (glyme)
Cyclooctene Furan
Cyclopentene Methyl acetylene
Diaacetylene Methyl cyclopentane
Dicyclopentadiene Methyl-isobutyl ketone
Diethylene glycol dimethyl Tetrahydrofuran

ether (diglyme) Tetrahydronaphthalene
Diethyl ether Vinyl ethers

Class C: Unsaturated monomers that may autopolymerize as a
result of peroxide accumulation if inhibitors have been removed
or are depleted”

Acrylic acid Styrene
Butadiene Vinyl acetate
Chlorotrifluoroethylene Vinyl chloride
Ethyl acrylate Vinyl pyridine
Methyl methacrylate

*These lists are illustrative, not comprehensive.
SOURCES: Jackson et al. (1970) and Kelly (1996).

and under the proper conditions of ultraviolet light,
temperature, and oxygen concentration, high concen-
trations of an explosive peroxide can be formed. The
chemicals described in Table 4.9 represent only those
materials that form peroxides in the absence of such
contaminants or otherwise atypical circumstances.
Although not a requirement, it is prudent to discard
old samples of organic compounds of unknown origin
or history, or those prone to peroxidation if contami-
nated; secondary alcohols are a specific example.
Class A compounds are especially dangerous when

TABLE 4.9 Types of Compounds Known to
Autoxidize to Form Peroxides

Ethers containing primary and secondary alkyl groups (never
distill an ether before it has been shown to be free of peroxide)

Compounds containing benzylic hydrogens

Compounds containing allylic hydrogens (C=C—CH)

Compounds containing a tertiary C—H group (e.g., decalin and
2,5-dimethylhexane

Compounds containing conjugated, polyunsaturated alkenes and
alkynes (e.g., 1,3-butadiene, vinyl acetylene)

Compounds containing secondary or tertiary C—H groups
adjacent to an amide (e.g., 1-methyl-2-pyrrolidinone)
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peroxidized and should not be stored for long periods
in the laboratory. Good practice requires they be dis-
carded within 3 months of receipt. Inventories of Class
B and C materials should be kept to a minimum and
managed on a first-in, first-out basis. Class B and C
materials should be stored in dark locations. If stored
in glass bottles, the glass should be amber. Contain-
ers should be marked with their opening date and
inspected every 6 months thereafter.

Class B materials are often sold with autoxidation in-
hibitors. If the inhibitor is removed, or if inhibitor-free
material is purchased, particular care must be taken in
their long-term storage because of the enhanced prob-
ability of peroxide formation. Purging the container
headspace with nitrogen is recommended. Several
procedures, including test strips, are available to check
Class B materials for peroxide contamination. (For
information about testing for peroxides, see Chapter
6, section 6.G.3.2.) No special disposal precautions are
required for peroxide-contaminated Class B materials.

In most cases, commercial samples of Class C ma-
terials are provided with polymerization inhibitors
that require the presence of oxygen to function and
therefore are not to be stored under inert atmosphere.
Inhibitor-free samples of Class C compounds (i.e., the
compound has been synthesized in the laboratory or
the inhibitor has been removed from the commercial
sample) should be kept in the smallest quantities
required and under inert atmosphere. Unused mate-
rial should be properly disposed of immediately, or if
long-term storage is necessary, an appropriate inhibitor
should be added.

(For more information about handling of peroxides,
see Chapter 6, section 6.G.3.)

4.D.3.3 Other Oxidizers

Oxidizing agents may react violently when they
come into contact with reducing materials and some-
times with ordinary combustibles. Such oxidizing
agents include halogens, oxyhalogens and organic
peroxyhalogens, chromates, and persulfates as well
as peroxides. Inorganic peroxides are generally stable.
However, they may generate organic peroxides and
hydroperoxides in contact with organic compounds,
react violently with water (alkali metal peroxides),
and form superoxides and ozonides (alkali metal per-
oxides). Perchloric acid is a powerful oxidizing agent
with organic compounds and other reducing agents.
Perchlorate salts are explosive and should be treated as
potentially hazardous compounds.

Baths to clean glassware generally contain strong
oxidizers and should be handled with care. For many
years, sulfuric acid—dichromate mixtures were used to
clean glassware. These solutions are corrosive and toxic

and present difficulties for disposal. Their use should
be avoided if at all possible. A common substitute is
a sulfuric acid-peroxydisulfate solution, and com-
mercial cleaning solutions that contain no chromium
are readily available. Confusion about appropriate
cleaning bath solutions has led to explosions due to
mixing of incompatible chemicals such as potassium
permanganate with sulfuric acid or nitric acid with
alcohols. For information about how to clean glassware
appropriately, consider contacting the manufacturer of
the equipment.

4.D.3.4 Powders and Dusts

Suspensions of oxidizable particles (e.g., flour, coal
dust, magnesium powder, zinc dust, carbon powder,
and flowers of sulfur) in the air constitute a powerful
explosive mixture. These materials should be used with
adequate ventilation and should not be exposed to
ignition sources. Some solid materials, when finely di-
vided, spontaneously combust if allowed to dry while
exposed to air. These materials include zirconium,
titanium, Raney nickel, finely divided lead (such as
prepared by pyrolysis of lead tartrate), and catalysts
such as activated carbon containing active metals and
hydrogen.

4.D.3.5 Explosive Boiling

Not all explosions result from chemical reactions;
some are caused physically. A dangerous explosion can
occur if a hot liquid or a collection of very hot particles
comes into sudden contact with a lower boiling-point
material. Sudden boiling eruptions occur when a nucle-
ating agent (e.g., charcoal, “boiling chips”) is added
to a liquid heated above its boiling point. Even if the
material does not explode directly, the sudden forma-
tion of a mass of explosive or flammable vapor can be
very dangerous.

4.D.3.6 Other Considerations

The hazards of running a new reaction should be
considered especially carefully if the chemical species
involved contain functional groups associated with
explosions or are unstable near the reaction or work-up
temperature, if the reaction is subject to an induction
period, or if gases are byproducts. Modern analytical
techniques (see Chapter 6, section 6.G) can be used
to determine reaction exothermicity under suitable
conditions.

Even a small sample may be dangerous. Further-
more, the hazard is associated not with the total energy
released but with the remarkably high rate of a detona-
tion reaction. A high-order explosion of even milligram
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quantities can drive small fragments of glass or other
matter deep into the body; therefore, use minimum
amounts of these hazardous materials with adequate
shielding and personal protection. A compound is apt
to be explosive if its heat of formation is more than 100
cal/g less than the sum of the heats of formation of
its products. In making this calculation, a reasonable
reaction should be used to yield the most exothermic
products.

Scaling up reactions introduces several hazards.
Unfortunately, the current use of microscale teaching
methods in undergraduate laboratories increases the
likelihood that graduate students and others are un-
prepared for problems that arise when a reaction is run
on a larger scale. These problems include heat buildup
and the serious hazard of explosion from incompatible
materials. The rate of heat input and production must
be weighed against that of heat removal. Bumping the
solution or a runaway reaction can result when heat
builds up too rapidly.

Exothermic reactions can run away if the heat
evolved is not dissipated. When scaling up experi-
ments, sufficient cooling and surface for heat exchange
should be provided, and mixing and stirring rates
should be considered. Detailed guidelines for circum-
stances that require a systematic hazard evaluation and
thermal analysis are given in Chapter 6, section 6.G.

Another situation that can lead to problems is a
reaction susceptible to an induction period; particu-
lar care must be given to the rate of reagent addition
versus its rate of consumption. Finally, the hazards of
exothermic reactions or unstable or reactive chemicals
are exacerbated under extreme conditions, such as high
temperature or high pressure used for hydrogenations,
oxygenations, or work with supercritical fluids.

4.E PHYSICAL HAZARDS

4.E.1 Compressed Gases

Compressed gases can expose the trained laboratory
personnel to both mechanical and chemical hazards,
depending on the gas. Hazards can result from the
flammability, reactivity, or toxicity of the gas; from the
possibility of asphyxiation; and from the gas compres-
sion itself, which could lead to a rupture of the tank or
valve. (See Chapter 7, section 7.D.)

4.E.2 Nonflammable Cryogens

Nonflammable cryogens (chiefly liquid nitrogen)
can cause tissue damage from extreme cold because of
contact with either liquid or boil-off gases. In poorly
ventilated areas, inhalation of gas due to boil off or
spills can result in asphyxiation. Another hazard is
explosion from liquid oxygen condensation in vacuum
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traps or from ice plug formation or lack of functioning
vent valves in storage Dewars. Because 1 volume of
liquid nitrogen at atmospheric pressure vaporizes to
694 volumes of nitrogen gas at 20 °C, the warming of
such a cryogenic liquid in a sealed container produces
enormous pressure, which can rupture the vessel. (See
Chapter 6, section 6.G.4, and Chapter 7, section 7.E.2,
for detailed discussion.)

4.E.3 High-Pressure Reactions

Experiments that generate high pressures or are car-
ried out at pressures above 1 atm can lead to explosion
from equipment failure. For example, hydrogenation
reactions are frequently carried out at elevated pres-
sures, and a potential hazard is the formation of explo-
sive O,/H, mixtures and the reactivity /pyrophoricity
of the catalyst (see section 6.G.5). High pressures can
also be associated with the use of supercritical fluids.

When evaluating whether a reaction generates high
pressures, it is important to consider not just the initial
reaction conditions, but the kinetics and thermody-
namics of the reaction as a whole. Is any stage of the
reaction exothermic? What are the characteristics of
the reactants, products, intermediates, and synthetic
byproducts (explosive, gaseous, etc.)? What are the
temperature and pressure requirements for equipment
used during the reaction? If scaling up a reaction, care-
fully calculate the expected temperatures and pressures
that will be generated and the rates at which any pres-
sures will be generated. Be sure to choose laboratory
equipment that is appropriate for every stage of the
reaction, and consult with the manufacturer if there
are any questions or concerns about whether a given
reactor or piece of equipment is appropriate for high-
pressure work. (For more information about using
high-pressure equipment, see Chapter 7, section 7.E.)

In many cases, barricading is not necessary if the ap-
propriate reaction vessel, fittings, and other equipment
are used. However, the laboratory environment must
be designed to accommodate the failure of the equip-
ment: ventilation must be adequate to handle discharge
from a high-pressure reaction to prevent asphyxiation,
laboratory personnel may require hearing protection to
guard against the sound of a rupture disc failure, and
barricades are necessary if catastrophic failure could
result in injury or death of laboratory personnel. For
specific information regarding barricade design, see
Porter et al. (1956); Smith (1964); and the Handbook of
Chemical Health and Safety (Alaimo, 2001).

4.E.4 Vacuum Work

Precautions to be taken when working with vacuum
lines and other glassware used at subambient pressure
are mainly concerned with the substantial danger of
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injury in the event of glass breakage. The degree of
hazard does not depend significantly on the magnitude
of the vacuum because the external pressure leading
to implosion is always 1 atmosphere. Thus, evacuated
systems using aspirators merit as much respect as
high-vacuum systems. Injury due to flying glass is not
the only hazard in vacuum work. Additional dangers
can result from the possible toxicity of the chemicals
contained in the vacuum system, as well as from fire
following breakage of a flask (e.g., of a solvent stored
over sodium or potassium). (For more information
about working with equipment under vacuum, see
Chapter 7, section 7.E.)

Because vacuum lines typically require cold traps
(generally liquid nitrogen) between the pumps and the
vacuum line, precautions regarding the use of cryogens
should be observed also. Health hazards associated
with vacuum gauges have been reviewed (Peacock,
1993). The hazards include the toxicity of mercury used
in manometers and McLeod gauges, overpressure and
underpressure situations arising with thermal conduc-
tivity gauges, electric shock with hot cathode ionization
systems, and the radioactivity of the thorium dioxide
used in some cathodes. (For information about reduc-
ing the presence of mercury in laboratories, see Chapter
5, section 5.B.8.)

4.E.5 Ultraviolet, Visible, and Near-
Infrared Radiation

Ultraviolet, visible, and infrared radiation from
lamps and lasers in the laboratory can produce a
number of hazards. Medium-pressure Hanovia 450 Hg
lamps are commonly used for ultraviolet irradiation in
photochemical experiments. Ultraviolet lights used in
biosafety cabinets, as decontamination devices, or in
light boxes to visualize DNA can cause serious skin and
corneal burns. Powerful arc lamps can cause eye dam-
age and blindness within seconds. Some compounds
(e.g., chlorine dioxide) are explosively photosensitive.

When incorrectly used, the light from lasers poses a
hazard to the eyes of the operators and other people
present in the room and is also a potential fire hazard.
Depending on the type of laser, the associated hazards
can include mutagenic, carcinogenic, or otherwise toxic
laser dyes and solvents; flammable solvents; ultraviolet
or visible radiation from the pump lamps; and electric
shock from lamp power supplies.

At the time of this publication, two systems for
classifying lasers are in use. Before 2002, lasers were
classified as I, II, ITIA, ITIB, and IV. From 2002 forward,
a revised system is being phased in which classifies la-
sers as 1, 1M, 2, 2M, 3R, 3B, and 4. Although they have
different designations, both systems classify lasers
based on their ability to cause damage to individu-
als. The older designation is given in the text with the

new designation in parentheses. Class I (1) lasers are
either completely enclosed or have such a low output
of power that even a direct beam in the eye could not
cause damage. Class II (2) lasers, can be a hazard if
a person stares into the beam and resists the natural
reaction to blink or turn away. Class IIIA (1M, 2M, or
3R, depending on power output) lasers can present an
eye hazard if a person stares into the beam and resists
the natural reaction to blink or turn away or views
the beam with focusing optical instruments. Class I1IB
(3B) lasers can produce eye injuries instantly from
both direct and specularly reflected beams, although
diffuse reflections are not hazardous. The highest class
of lasers, Class IV (4), presents all the hazards of Class
I1I (3B) lasers but because of their higher power output
may also produce eye or skin damage from diffuse scat-
tered light. In addition to these skin and eye hazards,
Class IV (4) lasers are a potential fire hazard.

Select protective eyewear with the proper optical
density for the specific type of laser in use. Dark lenses
can be hazardous because of the risk of looking over
the top of the glasses. Leave laser safety glasses in a
bin outside the laboratory so that people entering use
the appropriate laser safety glasses. When operating or
adjusting a laser, remove or cover any reflective objects
on hands and wrists to reduce the chance of reflections.
Consider using beam blocks and containment walls to
reduce the chance of stray reflections in the laboratory.
When using a laser-based microscope, consider using
a camera and computer display to view the sample
rather than direct viewing through the eyepiece.
Anyone who is not the authorized operator of a laser
system should never enter a posted laser-controlled
laboratory if the laser is in use. Visitors may be present
when a laser is in use, but they must be authorized by
the laboratory supervisor. Visitors must not operate the
equipment and should be under the direct supervision
of an approved operator.

4.E.6 Radio Frequency and Microwave
Hazards

Radio frequency (rf) and microwaves occur within
the range 10 kHz to 300,000 MHz and are used in rf
ovens and furnaces, induction heaters, and microwave
ovens. Extreme overexposure to microwaves can result
in the development of cataracts or sterility or both. Mi-
crowave ovens are increasingly being used in labora-
tories for organic synthesis and digestion of analytical
samples. Only microwave ovens designed for labora-
tory or industrial use should be used in a laboratory.
Use of metal in microwave ovens can result in arcing
and, if a flammable solvent is present, in fire or explo-
sion. Superheating of liquids can occur. Capping of
vials and other containers used in the oven can result
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in explosion from pressure buildup within the vial.
Inappropriately selected plastic containers may melt.

4.E.7 Electrical Hazards

The electrocution hazards of electrically powered
instruments, tools, and other equipment are almost
eliminated by taking reasonable precautions, and the
presence of electrically powered equipment in the
laboratory need not pose a significant risk. Many elec-
trically powered devices are used in homes and work-
places in the United States, often with little awareness
of the safety features incorporated in their design and
construction. But, in the laboratory these safety features
should not be defeated by thoughtless or ill-informed
modification. The possibility of serious injury or death
by electrocution is very real if careful attention is not
paid to engineering, maintenance, and personal work
practices. Equipment malfunctions can lead to electri-
cal fires. If there is a need to build, repair, or modify
electrical equipment, the work should ideally be per-
formed or, at a minimum, inspected by a trained and
licensed electrician or electrical expert. All laboratory
personnel should know the location of electrical shutoff
switches and circuit breaker switches and should know
how to turn off power to burning equipment by using
these switches. Laboratory equipment should be cor-
rectly bonded and grounded to reduce the chances of
electric shock if a fault occurs.

Some special concerns arise in laboratory settings.
The insulation on wires can be eroded by corrosive
chemicals, organic solvent vapors, or ozone (from
ultraviolet lights, copying machines, and so forth).
Eroded insulation on electrical equipment in wet
locations such as cold rooms or cooling baths must
be repaired immediately. In addition, sparks from
electrical equipment can serve as an ignition source in
the presence of flammable vapor. Operation of certain
equipment (e.g., lasers, electrophoresis equipment)
may involve high voltages and stored electrical energy.
The large capacitors used in many flash lamps and
other systems are capable of storing lethal amounts of
electrical energy and should be regarded as live even
if the power source has been disconnected.

Loss of electrical power can produce extremely haz-
ardous situations. Flammable or toxic vapors may be
released from freezers and refrigerators as chemicals
stored there warm up; certain reactive materials may
decompose energetically on warming. Laboratory
chemical hoods may cease to function. Stirring (mo-
tor or magnetic) required for safe reagent mixing may
cease. Return of power to an area containing flammable
vapors may ignite them.
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4.E.8 Magnetic Fields

Increasingly, instruments that generate large static
magnetic fields (e.g., NMR spectrometers) are present
in research laboratories. Such magnets typically have
fields of 14,000 to 235,000 G (1.4 to 23.5T), far above that
of Earth’s magnetic field, which is approximately 0.5 G.
The magnitude of these large static magnetic fields falls
off rapidly with distance. Many instruments now have
internal shielding, which reduces the strength of the
magnetic field outside of the instrument (see Chapter 7,
Table 7.1). Strong attraction occurs when the magnetic
field is greater than 50 to 100 G and increases by the
seventh power as the separation is reduced. However,
this highly nonlinear falloff of magnetic field with
distance results in an insidious hazard. Objects made
of ferromagnetic materials such as ordinary steel may
be scarcely affected beyond a certain distance, but at a
slightly shorter distance may experience a significant
attraction to the field. If the object is able to move
closer, the attraction force increases rapidly, and the
object can become a projectile aimed at the magnet.
Objects ranging from scissors, knives, wrenches, and
other tools, keys, steel gas cylinders, buffing machines,
and wheelchairs have been pulled from a considerable
distance to the magnet itself.

Superconducting magnets use liquid nitrogen and
liquid helium coolants. Thus, the hazards associated
with cryogenic liquids (see section 4.E.2) are of concern,
as well.

The health effects of exposure to static magnetic
fields is an area of active research. Currently, there is
no clear evidence of a negative health impact from ex-
posure to static magnetic fields, although biological ef-
fects have been observed (Schenck, 2000), and recently,
guidelines on limits of exposure to static magnetic
fields have been issued by the International Commis-
sion on Non-ionizing Radiation (ICNIRP, 2009), which
is a collaborating organization with the World Health
Organization’s International Electromagnetic Field
Project.

(For more information about magnetic fields, see
Chapter 7, section 7.C.8.4.1.)

4.E.9 Sharp Edges

Among the most common injuries in laboratories
are cuts from broken glass. Cuts can be minimized by
the use of correct procedures (e.g., the procedure for
inserting glass tubing into rubber stoppers and tubing,
which is taught in introductory laboratories), through
the appropriate use of protective equipment, and by
careful attention to manipulation. Glassware should
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always be checked for chips and cracks before use and
discarded if any are found. Never dispose of glass in
the general laboratory trash. It should only be placed
in specific glassware disposal bins. This will reduce the
chance of anyone changing the trash receiving a cut.
Other cut hazards include razors, box cutters, knives,
wire cutters, and any other sharp-edged tool. When
working with these tools, it is important to wear ap-
propriate eye protection and cut-resistant gloves. Fol-
low basic safety procedures when using a cutting tool:

¢ Inspect the tool prior to use. Do not use it if it is
damaged.

* When cutting, always use a tool with a sharp edge.
Dull edges are more likely to slip and cause harm.

¢ Keep hands out of the line of the cut.

¢ Stand off-line from the direction of the cut.

¢ If using a box cutter or other tool with a mounted
blade, ensure that the blade is well seated before
use.

* Never use a cutting tool for a task for which it
was not designed, for example, as a screwdriver
or lever for opening a container.

¢ Never submerge a sharp object in soapy or dirty
water. It can be difficult to see and poses a risk to
the dishwasher.

4.E.10 Slips, Trips, and Falls

Other common injuries in the laboratory arise from
slipping, tripping, or improper lifting. Spills resulting
from dropping chemicals not stored in protective rub-
ber buckets or laboratory carts can be serious because
the laboratory worker can fall or slip into the spilled
chemical, thereby risking injury from both the fall
and exposure to the chemical. Chemical spills result-
ing from tripping over bottles of chemicals stored on
laboratory floors are part of a general pattern of bad
housekeeping that can also lead to serious accidents.
Wet floors around ice, dry ice, or liquid nitrogen dis-
pensers can be slippery if the areas are not carpeted and
if drops or small puddles are not wiped up as soon as
they form.

Attempts to retrieve 5-gallon bottles of distilled wa-
ter, jars of bulk chemicals, and rarely used equipment
stored on high shelves often lead to back injuries in
laboratory environments. Careful planning of where
to store difficult-to-handle equipment and containers
(because of weight, shape, or overall size) reduces the
incidence of back injuries.

4.E.11 Ergonomic Hazards in the

Laboratory

General workplace hazards also apply in the labora-
tory. For example, laboratory personnel are often in-
volved in actions such as pipetting and computer work
that can result in repetitive-motion injuries. Working at
a bench or at a microscope without considering pos-
ture can result in back strain, and some instruments
require additional in-room ventilation that may raise
the background noise level to uncomfortable or hazard-
ous levels. With these and other issues such as high or
low room temperatures and exposure to vibrations, it is
important to be aware of and to control such issues to
reduce occupational injuries. For example, microscope
users may find that using a camera to view images on a
screen, rather than direct viewing through the eyepiece,
reduces back and eye strain.

The Centers for Disease Control and Prevention
(CDC) and the National Institutes of Health have in-
formation on their Web sites (www.cdc.gov and www.
nih.gov, respectively) describing specific ergonomic
concerns for laboratories and proposed solutions. The
CDC provides a downloadable self-assessment form
to aid in evaluating these hazards. NIOSH (www.
cdc.gov/niosh) and OSHA (www.osha.gov) provide
information about vibration, noise levels, and other
workplace hazards.

4.F NANOMATERIALS

Nanoscale materials are of considerable scientific
interest because some chemical and physical properties
can change at this scale. (See definition of engineered
nanomaterials below.) These changes challenge the
researcher’s, manager’s, and safety professional’s un-
derstanding of hazards, and their ability to anticipate,
recognize, evaluate, and control potential health, safety,
and environmental risks. Essentially any solid may be
formed in the nano size range, and in general, the term
“nanomaterials” has been broadly accepted as includ-
ing a number of nanometer-scale objects, including:
nanoplates, nanofibers (including nanotubes); and
nanoparticles. In addition to the conventional hazards
posed by the material, hazard properties may also
change.

Nanoparticles are dispersible particles that are be-
tween 1 and 100 nm in size that may or may not
exhibit a size-related intensive property. The U.S.
Department of Energy (DOE, 2008, 2009) states that
engineered nanomaterials are intentionally created, in
contrast with natural or incidentally formed, and en-
gineered to be between 1 and 100 nm. This definition

Copyright © National Academy of Sciences. All rights reserved.



Prudent Practices in the Laboratory: Handling and Management of Chemical Hazards, Updated Version

78 PRUDENT PRACTICES IN THE LABORATORY
Lower Risk — ' Higher Risk
Fewer ';0"‘""5 Embedded Fixed ona  Suspended Dry, M“"?f;'g"""’s
requirs in a matrix matrix in liquids dispersible  "€qul

FIGURE 4.5 U.S. Department of Energy graded exposure risk for nanomaterials. This figure assumes that no disruptive force

(e.g., sonication, grinding, burning) is applied to the matrix.
SOURCE: Adapted from Karn (2008).

excludes biomolecules (proteins, nucleic acids, and
carbohydrates).? Incidentally formed nanoparticles are
often called “ultrafine” particles.

As with hazardous chemicals, exposures to these
materials may occur through inhalation, dermal con-
tact, accidental injection, and ingestion, and the risk
increases with duration of exposure and the concentra-
tion of nanoparticles in the sample or air. Inhalation
presents the greatest exposure hazard. Nanomaterials
suspended in a solution or slurry pose a lesser hazard,
but because the solutions can dry into a powder, they
should be handled with care. Nanomaterials sus-
pended in a solution or slurry present a hazard when-
ever mechanical energy is imparted to the suspension
of slurry. Sonication, shaking, stirring, pouring, or
spraying of a suspended nanomaterial can result in
an inhalation exposure. Suspensions also represent
a dermal exposure potential. Nanoparticles that are
fixed within a matrix pose the least hazard as long as
no mechanical disruption, such as grinding, cutting, or
burning, occurs. (See Figure 4.5.)

Nanoparticles can enter the laboratory in a variety of
ways. For example, the materials may be imported into
the lab for characterizations or be incorporated into
a study. Alternatively, they could be created (synthe-
sized) in the lab as part of an experiment. In either case,
it is important for laboratory personnel to know about
the presence and physical state of the nanomaterial
(i.e., powder, in solution, on a solid matrix, or in solid
matrix) so they can manage the hazards accordingly.

Nanoparticles have significantly greater relative sur-
face areas than larger particles of an equivalent mass,
and animal studies have demonstrated a correlation
between biological effects (toxic response) and surface

*Note that this definition is slightly different from the definition
of the International Organization for Standardization, where “nano-
object is defined as material with one, two, or three external dimen-
sions in the size range of approximately 1-100 nm. Subcategories of
nano-object are (1) nanoplate, a nano-object with one external dimen-
sion at the nanoscale; (2) nanofiber, a nano-object with two external
dimensions at the nanoscale with a nanotube defined as a hollow
nanofiber and a nanorod as a solid nanofiber; and (3) nanoparticle,
a nano-object with all three external dimensions at the nanoscale.
Nano-objects are commonly incorporated in a larger matrix or
substrate referred to as a nanomaterial” (HHS/CDC/NIOSH, 2009a).

area. Thus, nanoparticles represent a greater toxic
hazard than an equivalent mass of the same material
in larger form. In addition, the number of particles per
unit mass is far greater than the number of particles in
bulk material per unit mass, resulting in significantly
different inhalational hazards between the two forms.
Because of their size, nanoparticles can penetrate deep
into the lungs, and with a large number of particles in
a small volume, can overwhelm the organ and disrupt
normal clearance processes. The greater surface reac-
tivity also plays a role in this disruption. Once inside
the lungs, nanoparticles may translocate to other or-
gans via pathways not demonstrated in studies with
larger particles. In addition, at the interface of the
nanoparticle and human cell surface, bioactivity may
occur. For example, nanometal particles have been
demonstrated to produce reactive oxygen species, im-
plicating the presence of free radicals, and causing the
biological effects of inflammation and fibrosis.

The nanoparticulate forms of some materials show
unusually high reactivity, especially for fire, explosion,
and catalytic reactions. Engineered nanoparticles and
nanostructured porous materials have been used ef-
fectively for many years as catalysts for increasing the
rate of reactions or decreasing the temperature needed
for reactions in liquids and gases. Depending on their
composition and structure, some nanomaterials initiate
catalytic reactions that would not otherwise be antici-
pated from their chemical composition. Note also that
nanomaterials may be attached to the surface of larger
particles. In those cases, the larger material may take
on the higher reactivity features of the engineered na-
noscale material, even though it is not in the form of a
particle in the 1- to 100-nm size range.

As noted above, because material properties can
change at the nanoscale, nanomaterials should not
be assumed to present only those hazards known to
be associated with bulk forms of material having the
same composition. Instead, they must be handled
as though toxic and reactive until credible evidence
eliminates uncertainty. Hazard information is avail-
able on a limited number of nano-size materials. For
example, NIOSH has proposed special exposure limits
for nano-size titanium dioxide that are significantly
more restrictive than for larger particles of titanium
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dioxide. Determination of EHS issues is an ongoing
effort. The CHO assisting with protection from the
EHS hazards will need special education and training
to adequately assist in risk assessment and control of
nanomaterial risks. Specialized monitoring equipment
is required to evaluate potential exposures or release
of nanomaterials.

Although there is limited specific guidance on
evaluation and control of risks posed by nanomateri-
als, preliminary research suggests that a well-designed
ventilation system with high-efficiency filtration is
effective at capturing nanoparticles. However, recent
studies (Ellenbecker and Tsai, 2008) have demonstrated
that conventional laboratory chemical hoods may
create turbulence that can push the materials back
into the laboratory space. Lower flow hoods with less
turbulence may be more appropriate. (For more in-
formation about engineering controls for handling of
nanoparticles, see Chapter 9, section 9.E.5. For further
information on transportation, see Chapter 5, section
5.F.2 and Chapter 6, section 6.] for information about
working with nanoparticles.)

4.G BIOHAZARDS

Biohazards are a concern in laboratories in which
microorganisms, or material contaminated with them,
are handled. Anyone who is likely to come in con-
tact with blood or potentially infectious materials at
work is covered under OSHA's Bloodborne Pathogen
Standard, 29 CFR § 1910.1030. These hazards are usu-
ally present in clinical and infectious disease research
laboratories but may also be present in any laboratory
in which bodily fluids, tissues, or primary or immortal-
ized cell lines of human or animal origin are handled.
Biohazards are also present in any laboratory that uses
microorganisms, including replication-deficient viral
vectors, for protein expression or other in vitro applica-
tions. Occasionally, biohazards are present in testing
and quality control laboratories, particularly those
associated with water and sewage treatment plants
and facilities involved in the production of biological
products and disinfectants. Teaching laboratories may
introduce low-risk infectious agents as part of a course
of study in microbiology.

Synthetic biology makes it possible to synthesize mi-
croorganisms from basic chemical building blocks, and
these microorganisms may have different hazards from
their naturally occurring relatives. If a microorganism
identical or very similar to one found in nature is syn-
thesized, the risks are assumed to be similar to those
of the naturally occurring microorganism. If a novel
microorganism is synthesized, however, extra caution
must be used until the characteristics of the agent are
well understood.

Risk assessment for biohazardous materials can be
complicated because of the number of factors that must
be considered. The things that must be accounted for
are the organism being manipulated, any alterations
made to the organism, and the activities that will be
performed with the organism. Risk assessment for
biological toxins is similar to that for chemical agents
and is based primarily on the potency of the toxin, the
amount used, and the procedures in which the toxin is
used. An example of a risk assessment for a material
with unknown biological risks can be found in Backus
et al. (2001). See Box 4.3 for a quick guide to assessing
risks from biohazards in the laboratory.

Certain biological toxins and agents are classified
as select agents under 42 CFR Part 73 and have addi-
tional regulatory and security requirements that must
be considered when receiving and working with these
agents. For detailed information on risk assessment of
biohazards, consult the fifth and most recent edition
of Biosafety in Microbiological and Biomedical Laboratories
(BMBL; HHS/CDC/NIH, 2007a) and the NIH Guide-
lines for Research Involving Recombinant DNA Molecules
(NIH, 2009). BMBL is considered the consensus code
of practice for identifying and controlling biohazards
and was first produced by the CDC and the National
Institutes of Health in 1984. (Also see Chapter 6, section
6.E, and Chapter 11.)

4.H HAZARDS FROM RADIOACTIVITY

This section provides a brief primer on the potential
hazards arising from the use of radioactivity in a labo-
ratory setting. A comprehensive treatment of this topic
is given in Radiation Protection: A Guide for Scientists,
Regulators, and Physicians (Shapiro, 2002). For an in-
troduction to health physics, see Cember and Johnson
(2008). Note that the receipt, possession, use, transfer,
and disposal of most radioactive materials is strictly
regulated by the U.S. Nuclear Regulatory Commission
(USNRGC; see 10 CFR Part 20, Standards for Protection
Against Radiation) and/or by state agencies who have
“agreements” with the USNRC to regulate the users
within their own states. Radioactive materials may
be used only for purposes specifically described in
licenses issued by this agency to licensees. Individu-
als working with radioactive materials should thus
be aware of the restrictions and requirements of these
licenses. Consult your radiation safety officer or other
designated EHS professional for training, policies, and
procedures specific to uses at your institution.

Unstable atomic nuclei eventually achieve a more
stable form by emission of some type of radiation.
These nuclei or isotopes are termed radioactive. The
emitted radiation may be characterized as particulate
(o, B, proton, or neutron) or electromagnetic (y rays
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BOX 4.3
Quick Guide to Risk Assessment for Biological Hazards in the Laboratory

The following steps are provided to assist trained labora-
tory personnel in performing a risk assessment of activities
involving biohazardous materials. This is not intended as a
flowchart; rather, all questions should be considered before
arriving at the final risk assessment.

1. Identify the risk group of the parent or-
ganism (the American Biological Safety Association
has a database of risk groups from various sources
online at http://absa.org).

2. This Risk Group assignment is only a start-
ing point; the actual biosafety level at which the
work is performed may be higher or lower depend-
ing on the remainder of the risk assessment.

3. Refer to the Agent Summary Statement in
Biosafety in Microbiological and Biomedical
Laboratories (BMBL; HHS/CDC/NIH, 2007 a)
if available. This will provide a recommended
biosafety level as well as personal protective and
containment equipment to use while handling the
organism. It will also summarize the frequency and
route of laboratory-acquired infections.

4. Identify the natural route of transmission
for the parent organism. This will indicate the
most likely route of laboratory-acquired infections.
Be aware that at the volumes and concentrations
used in the laboratory, however, organisms can
often be transmitted in ways other than their nor-
mal route of exposure (e.g., aerosol transmission of
agents normally only transmitted via mosquito bite).

5. Consider any modifications made to the or-
ganism. Has the host range been modified? Have
virulence factors been inserted or removed? Has
the organism been rendered replication-defective?
If so, is there any possibility of recombination events
with wild-type organisms to restore replication
competency?

6. Consider the transgenes expressed by the
organism. Think about the effect of aberrant
expression of that protein if personnel were acci-

dentally exposed to the organism. Is the organism
Nnow expressing oncogenes or toxins, or knocking
down expression of a tumor suppressor?

7. What volume and concentration of agent
are handled at any one time? In general,
higher volumes or concentrations call for stricter
safety precautions. Recombinant organisms in
volumes greater than 10 L in a single vessel have
additional regulatory requirements as well.

8. Will research animals be used in any pro-
cedures? If so, will they be restrained or anesthe-
tized? What is the immune status of the research
animals? Is there a possibility that research animals
will excrete potentially infectious or otherwise harm-
ful substances?

9. Are sharps utilized in any procedures? Use
of sharps should be minimized whenever possible.
If sharps must be used with potentially infectious
materials, use caution.

10. Will any manipulations generate aerosols
(e.g., vortexing, centrifuging)? If so, perform
these operations in a biosafety cabinet or other
appropriate containment equipment whenever
possible.

11. Are vaccinations or treatments available
for the agents in question? Consult with
an occupational health provider to determine
the necessity for vaccination or postexposure
management.

12. Are the organisms used particularly haz-
ardous for certain groups of people (e.g.,
pregnant women, immunocompromised
individuals)? Notify any personnel who will work
with or around the organism(s) of these special
concerns.

NOTE: For a quick guide for assessing the toxicity
hazards associated with laboratory chemicals, see
Box 4.1. For a quick guide for assessing physical
flammable, explosive, and reactive hazards in the
laboratory, see Box 4.2.

or X rays). Particulate radiations have both mass and
electromagnetic radiations, which are sometimes re-
ferred to as photons. Radiation that has enough energy
to ionize atoms and create ion pairs is referred to as
ionizing radiation. Ionizing radiation not only comes
from unstable nuclei, but can also be produced by
machines such as particle accelerators, cyclotrons, and
X-ray machines.

Alpha particles are charged particles containing two

protons and two neutrons and are emitted from certain
heavy atoms such as uranium and thorium. These
particles are relatively large, slow, heavy, and easily
stopped by a sheet of paper, a glove, a layer of cloth-
ing or even a dead layer of skin cells, and thus present
virtually no external exposure hazard to people. How-
ever, because of the very large number of ionizations
that o particles produce in short distances, o emitters
can present a serious hazard when they come in contact
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with internal living cells and tissues. Special precau-
tions are thus taken to ensure that o emitters are not
inhaled, ingested, or injected. Care must be taken with
unsealed o-emitting sources to control contamination
and minimize the potential for internal uptakes.

A B particle (see Table 4.10) is an electron emitted
from the nucleus of a radioactive atom. Positively
charged counterparts of B particles are called posi-
trons. Beta particles are much less massive and less
charged than o particles and interact less intensely
with atoms in the materials through which they pass,
which gives them a longer range than o particles.
Examples of B emitters commonly used in biologi-
cal research are hydrogen-3 (tritium) (°H), carbon-14
(*C), phosphorus-32 (32C), phosphorus-33 (*¥P), and
sulfur-35 (°P). Although low-energy B particles are
usually stopped by the dead layer of skin, higher en-
ergy B particles can penetrate more deeply and cause
high exposures to the skin and eyes. The energy level
of the B particle thus determines if shielding and expo-
sure monitoring is required when working with these
materials, as well as how contamination surveys are
performed. Table 4.10 provides typical examples of
high-energy, low-energy, and extremely low-energy
B—particle handling precautions. When shielding is
used to reduce external exposures from [ emitters, a
low-density shielding material such as Plexiglas, Lu-
cite, or acrylic works best.

Gamma rays, x rays, and photon radiations have
no mass or charge. Gamma rays are generally emit-
ted from the nucleus during nuclear decay, and x rays
are emitted from the electron shells. Extremely dense
material such as lead typically makes the best shields
for these electromagnetic forms of radiation. Iodine-125
(*2°T), indium-111 ("In), and chromium-51 (°'Cr) are
a few examples of radionuclides sometimes used in
research laboratories.

Neutrons are emitted from the nucleus during decay;,
have no electrical charge, and are one-fourth the mass

TABLE 4.10 Examples of § Emitters

Extremely
High-Energy Low-Energy Low Energy
Emitters Emitters Emitters
Examples Cl-35 C-14 H-3
P-32 S-35
Sr-90 P-33
Shielding Shielding Not required Not required
required
(Plexiglas)
Contamination Survey meter  Survey meter ~ Wipe sample
survey type
Exposure Recommended Not required Not required
dosimetry

of an o particle. Exposure to neutrons can be hazard-
ous because the interaction of neutrons with molecules
in the body can cause disruption to molecules and
atoms. Because of its lack of charge, the neutron is
difficult to shield, can penetrate deeply into tissues,
and can travel hundreds of yards in air depending on
the kinetic energy of the neutron. A neutron is slowed
when it collides with the nucleus of other atoms. This
transfers kinetic energy of the neutron to the nucleus
of the atom. As the mass of the nucleus approaches the
mass of the neutron, this reaction becomes more effec-
tive in slowing the neutron. Therefore water and other
hydrogen-rich materials, such as paraffin or concrete,
are often used as shielding material.

Radioactive decay rates are reported in curies (1 cu-
rie [Ci] = 3.7 x 10'%disintegrations per second [dps]) or
in the International System of Units (SI) in becquerels
(1 Bq =1 dps). The decay rate provides a characteriza-
tion of a given source but is not an absolute guide to
the hazard of the material. The hazard depends on the
nature, as well as the rate of production, of the ionizing
radiation. In characterizing human exposure to ioniz-
ing radiation, it is assumed that the damage is propor-
tional to the energy absorbed. The radiation absorbed
dose (rad) is defined in terms of energy absorbed per
unit mass: 1 rad = 100 ergs/g (SL: 1 Gy =1 J/kg = 100
rads). For electromagnetic energy, the roentgen (R) pro-
duces 1.61 x 10'2 ion pairs per gram of air (SI: 1 C/kg
=3.876 R).

Acceptable limits for occupational exposure to ion-
izing radiation are set by the USNRC based on the
potential amount of tissue damage that can be caused
by the exposure. This damage is expressed as a dose
equivalent; the common unit for dose equivalent is the
roentgen equivalent man (rem). The dose equivalent is
determined by the rad multiplied by a weighting factor,
called a quality factor, to account for the differences
in the nature of the ionizing radiation from different
types of radiation. Table 4.11 shows the quality factors
for different types of radiation. For y rays and X rays,
rad and rem are virtually equivalent.

Damage may occur directly as a result of the radia-
tion interacting with a part of the cell or indirectly by
the formation of toxic substances within the cell. The
extent of damage incurred depends on many factors,
including the dose rate, the size of the dose, and the
site of exposure. Effects may be short term or long
term. Acute short-term effects associated with large

TABLE 4.11 Radiation Quality Factors
Type of Radiation Quality Factor (Q)
X, v, or B radiation 1

o particles 20

Neutrons of unknown energy 10
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doses and high dose rates—for example, 100,000 mrad
(100 rad) in less than 1 week—may include nausea,
diarrhea, fatigue, hair loss, sterility, and easy bruising.
In appropriately managed workplaces, such expo-
sures are impossible unless various barriers, alarms,
and other safety systems are deliberately destroyed
or bypassed. Single-dose exposures higher than 500
rem are probably fatal. A single dose of ~100 rem may
cause a person to experience nausea or skin reddening,
although recovery is likely. However, if these doses are
cumulative over a period of time rather than a single
dose, the effects are less severe. Long-term effects,
which develop years after a high-dose exposure, are
primarily cancer. Exposure of the fetus in utero to radia-
tion is of concern, and the risk of damage to the fetus
increases significantly when doses exceed 15,000 mrem.
The USNRC has set limits for whole-body occupa-
tional exposure at 5,000 mrem/year, with minors and
declared pregnant workers allowed only 500 mrem/
year (or 9-month gestation period), and members of the
public allowed only 100 mrem/year (see Table 4.12).
Exposure limits are lower in facilities operated by the
U.S. Department of Energy and other agencies. Note
that properly managed work with radioactive materi-
als in the vast majority of laboratory research settings
can be performed without any increase in a worker’s
exposure to radiation.

As with all laboratory work, protection of labora-
tory personnel against the hazard consists of good
facility design, operation, and monitoring, as well as
good work practices. The ALARA (as low as reason-
ably achievable) exposure philosophy is central to
both levels of protection. The amount of radiation or
radioactive material used should be minimized. Ex-
posures should be minimized by shielding radiation
sources, laboratory personnel, and visitors and by use
of emergency alarm and evacuation procedures. The
amount of time spent working with radioactive mate-
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TABLE 4.12 U.S. Nuclear Regulatory Commission
Dose Limits

Occupational Dose  Public Dose Limits

Area of Dose Limits (mrem/year) (mrem/year)

Total effective dose 5,000 100*
equivalent (or whole

body: external +

internal)

Committed dose 50,000 NA
equivalent (or any
organ dose)

Eye dose equivalent (or 15,000 NA
lens of the eye)

Shallow dose 50,000 NA
equivalent (or skin
dose)

Extremity dose (or 50,000 NA
shallow dose to any
extremity)

Minor (less than 18
years of age)

Embryo/fetus of 500 NA
declared pregnant

woman (limit

taken over time of

pregnancy)

Personnel dosimetry is required if occupational dose is likely
to exceed 10% of the limit (for embryo/fetus, it is required if
worker’s dose is likely to exceed 100 mrem during gestation
period)

*NOTE: For 10 CFR § 35.75 patient release, limit is 500 mrem.

10% of occupational NA
limits for adults

rials should be minimized. Physical distance between
personnel and radiation sources should be maximized,
and whenever possible, robotic or other remote opera-
tions should be used to reduce exposure of personnel.
(Also see Chapter 6, section 6.E.)
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5.A INTRODUCTION

This chapter organizes the discussion of managing
laboratory chemicals into six main topics: reducing
and eliminating the use and generation of hazardous
substances (green chemistry); acquisition; inventory
and tracking; storage in stockrooms and laboratories;
recycling of chemicals and laboratory materials; and
transfer, transport, and shipment of chemicals. As
Chapter 1 makes clear, prudence in these areas re-
quires knowledge of the hazards posed by laboratory
chemicals and the formulation of reasonable measures
to control and minimize the risks associated with their
handling and disposal. Not all risk can be eliminated,
but through informed risk assessment and careful risk
management, laboratory safety is greatly enhanced.

Trained laboratory personnel, laboratory supervi-
sors, and individuals who handle chemicals will find
essential information in this chapter. Each person has
an important role to play in a chemical’s life cycle at
an institution, and each one of them should be aware
that the wise management of that life cycle not only
minimizes risks to humans and to the environment
but also decreases costs. Acknowledging this role and
giving it due consideration is one element of the culture
of safety within a laboratory.

5.B GREEN CHEMISTRY FOR
EVERY LABORATORY

Green chemistry is the philosophy of designing
products and processes that reduce or eliminate the
use and generation of hazardous substances, which fits
well with the overall goals of a culture of safety. The
12 principles of green chemistry (Anastas and Warner,
1998) can be applied in the laboratory as guidelines
for prudent experimental design and execution. Some
of the principles are explained in more detail below,
with examples of their broader application. A wealth
of green chemistry resources exists online in the form
of reports, databases, and other Web applications and
tools. These resources assist the development of green
synthetic methods by providing information about the
redesign of processes at the molecular level, the reduc-
tion or elimination of the use of hazardous materials,
and the modification of chemical substances to make
them safer.

5.B.1 Prevent Waste

Prudent laboratory chemical management begins
with adopting the first green chemistry principle of
waste prevention, which is considered before the or-
dering of the chemicals. When experiments have been
carefully planned, trained laboratory personnel can

Prudent Practices in the Laboratory: Handling and Management of Chemical Hazards, Updated Version

PRUDENT PRACTICES IN THE LABORATORY

be confident that they have chosen procedures that
minimize the quantities of chemicals to be used and
minimize the disposal of hazardous materials.
Experiment planning in the culture of laboratory
safety includes minimization of the material used at
each step of an experiment. Consider two simple ex-
amples: (1) Transferring a liquid reaction mixture or
other solution from one flask to another container usu-
ally requires the use of a solvent to rinse out the flask.
During this procedure, laboratory personnel should
use the smallest amount of solvent possible that en-
ables a complete transfer. (2) Celite is often used during
filtrations to keep the pores of filter papers or filter frits
from becoming clogged. When positioning the Celite,
carefully determine the minimum amount needed to
be effective. Other examples of such strategies include

¢ considering how a reaction product will be used
and making only the amount needed for that use;

* appreciating the cost of making and storing un-
needed material;

¢ thinking about minimization of material used in
each step of an experiment;

¢ searching for ways to reduce the number of steps
in an experiment;

* improving yields;

¢ recycling and reusing materials when possible;

¢ coordinating work with co-workers who may be
using some of the same chemicals (section 5.D.2);

¢ considering the amount of reagents, solvents, and
hazardous materials used by automated labora-
tory equipment when purchasing a new system;

¢ isolating nonhazardous waste from hazardous
waste; and

® using a column purification system for recycling
of used solvent (section 5.D.3)

These steps are increasingly important because of the
changing requirements and economics of laboratory
management.

5.B.2 Microscale Work and Wet Chemistry
Elimination

One successful method of reducing hazards is to
carry out chemical reactions and other laboratory pro-
cedures on a smaller scale (i.e., microscale) when fea-
sible. In microscale chemistry the amounts of materials
used are reduced to 25 to 100 mg for solids and 100 to
200 pL for liquids, compared with the usual 10 to 50
g for solids or 100 to 500 mL for liquids. Smaller scale
synthetic methods save money because they require
less reagent and result in less waste. Of course, not all
laboratory procedures can be scaled down. Multigram
laboratory preparation is often required to provide
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sufficient material for further work. Whether large
or small scale, exercise precaution appropriate to the
scale, as well as the inherent hazards, of the procedure.
Similarly, in many cases instrumental analyses—
which require little reagent and generate very little
waste in themselves—can be substituted for wet chem-
istry. Consider the waste reduction inherent in spectro-
scopic organic analysis versus chemical derivatization.
And, hazardous waste reduction also reduces both
compliance and disposal costs. When purchasing
equipment to automate laboratory processes, choose
equipment that is efficacious for the job at hand, but
uses the least amount of reagents or solvents, or uses
materials that are least hazardous. (See Vignette 5.1.)

5.B.2.1 Design Less Hazardous Laboratory

Processes and Reaction Conditions

The third principle of green chemistry suggests that,
where possible, syntheses should be designed using
less toxic reagents. Although the use of a toxic reagent
does not necessarily imply generation of a toxic waste,
in line with the first principle, chemists should evalu-
ate potential sources of hazardous waste expected from
the proposed synthesis and incorporate strategies to
minimize them.

VIGNETTE 5.1
Pollution prevention
reduces solvent waste

A pollution prevention assessment of one or-
ganic chemistry research laboratory at a univer-
sity revealed that each of the 25 researchers in the
group used 1 L of solvent, usually acetone, every
week to clean and/or rinse glassware, spatulas,
and other items used in their procedures. For
example, a researcher might rinse a spatula with
acetone at the end of a procedure or use a solvent
to speed the drying process after cleaning with
soap and water. The excuses for using the solvent
ranged from not having enough glassware avail-
able (thus the need to expedite drying) to lack
of good brushes for cleaning residue to simply
taking a shortcut to the cleaning process.

The lab purchased more glassware, better
brushes, and an ultrasonicator that uses a mild
detergent. The savings in solvent purchase and
disposal paid back the price of the new pur-
chases within 3 months. Later, the lab installed
under-the-bench lab dishwashers, which re-
sulted in even further reductions in solvent use
for cleaning.
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5.B.3 Use Safer Solvents and Other
Materials

Traditionally, chemists have chosen reagents and
materials to meet scientific criteria without always
giving careful consideration to waste minimization
or environmental objectives. In synthetic procedures,
overall yield and purity of the desired product are
important factors, because better yield implies lower
cost. On the other hand, material substitution can be
an important consideration in manufacturing process
design because of the large quantity, and potential cost,
of chemicals involved. The following questions should
be considered when choosing a material to be used as a
reagent or solvent in an experimental procedure:

¢ Can this material be replaced by one that will
expose the experimenter, and others who handle
it, to less potential hazard?

¢ Can this material be replaced by one that will
reduce or eliminate the hazardous waste and the
resulting cost of waste disposal?

¢ Can these steps be taken in conjunction with yield
maximization and minimization of overall waste
and cost?

All things being equal, laboratories are safer when
they substitute nonhazardous, or less hazardous,
chemicals where possible by considering alternative
synthetic routes and alternative procedures for work-
ing up reaction mixtures. The following additional
examples illustrate the application of this principle to
common laboratory procedures:

* To reduce the amount of copper released to the
sewer, use iron complexes rather than copper
when studying spectrophotometry in general
chemistry.

¢ In liquid scintillation counting of low-level radio-
active samples, where possible, use nonflamma-
ble, lower toxicity, water-miscible solvents rather
than xylene, toluene, or dioxane, so as to eliminate
fire hazard and waste that must be incinerated.

* Substitute solid or liquid reagents for hazardous
gases that must be used at elevated pressure.
As an example, phosgene is a highly toxic gas
occasionally used as a reagent in organic trans-
formations. Its use requires proper precautions
to contain the gas and handle and dispose of
cylinders. Commercially available products such
as diphosgene (trichloromethyl) chloroformate,
a liquid, or triphosgene bis(trichloromethyl)
carbonate, a low-melting solid, are often substi-
tuted for phosgene by appropriate adjustment of
experimental conditions or are used to generate

Copyright © National Academy of Sciences. All rights reserved.



Prudent Practices in the Laboratory: Handling and Management of Chemical Hazards, Updated Version

86

phosgene only on demand. Both chemicals are
highly toxic themselves, and their use in any event
should be considered carefully, but solids avoid
the problems associated with handling a toxic gas.
Consider carefully the use of reagents contain-
ing toxic heavy metals. For example, proprietary
detergents for glassware (used, if necessary, with
ultrasonic baths) are a safer substitute for chromic
acid cleaning solutions. Various chromium(VI)
and other metal oxidants have been important in
synthetic organic chemistry, but other oxidants are
possible substitutes. When planning a reaction,
consider the cost of disposal of heavy metal waste
in addition to its utility. Search the literature for
other oxidation reagents tailored to the specific
needs of a given transformation. (For information
about reducing the use of mercury in laboratory
equipment, see section 5.B.8.)

F-TEDA-BF4, or 1-chloromethyl-4-fluoro-1,4-
diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate),
substitutes for more hazardous reagents in many
fluorination procedures. To reduce the reactiv-
ity and toxicity risks associated with perchloryl
fluoride, fluorine, and other fluorinating reagents,
search the literature for appropriate substitutes.
Avoid solvents listed as select carcinogens (for a
definition of select carcinogens, see Chapter 4, sec-
tion 4.C.3.4), reproductive toxins, or hazardous air
pollutants. Choose solvents with relatively high
American Conference of Governmental Industrial
Hygienists threshold limit values. Recognizing
that not all hazards can always be reduced si-
multaneously, the best substitute solvent meets
needed experimental constraints but has physio-
chemical properties, such as boiling point, flash
point, and dielectric constant that are similar to
the original solvent. Although cost can be a fac-
tor, consider the benefits of safety, health, and
the environment as well. For example, heptane is
more costly than hexane, but is very similar phys-
iochemically and is not listed by the U.S. Environ-
mental Protection Agency (EPA) as a hazardous
air pollutant. Toluene usually can substitute for
the carcinogen benzene. Chemical suppliers now
highlight solvents with lower hazards including
reduced flammability and potential for peroxide
formation.

Supercritical fluids present an interesting case in
conflicting green chemistry principles. Supercriti-
cal CO, as a solvent involves a chemically rela-
tively benign material, carbon dioxide. Reaction
workup requires only ambient heat, and there
is no hazardous waste. On the other hand, it re-
quires elevated pressure. Supercritical solvents for
chromatography and synthesis require special-
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ized equipment for handling, but because of the
ubiquity of chromatography methods operating
at elevated pressure and the common nature of
the pumps and vessels necessary, much of the
hazard has been mitigated. The technology for
using supercritical fluids has developed rapidly
in recent years. Consider use of these materials,
but with appropriate precaution and dedicated
permanent equipment.

5.B.4 Design Experimental Products for
Degradation After Use

Green chemistry practitioners plan synthesis and
other processes so that, as part of the experiment, the
products and byproducts are rendered safe or less haz-
ardous. For example, they include in the experimental
plan reaction workup steps that deactivate hazardous
materials or reduce their toxicity.

5.B.5 Include Real-Time Controls to

Prevent Pollution

To cut costs, firms are increasingly asking for just-
in-time delivery of raw materials and using other real-
time controls. Green chemistry laboratories can borrow
this strategy. A quantity of hazardous chemical not or-
dered is one to which trained laboratory personnel are
not exposed, for which appropriate storage need not
be found, which need not be tracked in an inventory
control system, and which will not end up requiring
costly disposal when it becomes a waste.

Part of acquiring a chemical is a life-cycle analysis.
All costs associated with the presence of each chemical
at an institution must be considered. The purchase cost
is only the beginning; the handling costs, human as
well as financial, and the disposal costs must be taken
into account. Without close attention to these aspects
of managing chemicals in a laboratory, orders are not
likely to be minimized, and unused chemicals become
a significant fraction of the laboratory’s hazardous
waste.

The American Chemical Society’s booklet Less Is Bet-
ter: Laboratory Chemical Management for Waste Reduction
(Task Force on Laboratory Waste Management, 1993)
gives several reasons for ordering chemicals in smaller
containers, even if that means using several containers
of a material for a single experiment:

¢ Consequence of breakage is substantially reduced
for small package sizes.

¢ Risk of accident and exposure to hazardous mate-
rial is less when handling smaller containers.

* Storeroom space needs are reduced when only a
single size is inventoried.
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¢ Containers are emptied faster, resulting in less
chance for decomposition of reactive compounds.

¢ Use of the so-called “economy size” often dictates
a need for other equipment, such as transfer con-
tainers, funnels, pumps, and labels. Added labor
to subdivide the larger quantities into smaller
containers, as well as additional personal protec-
tive equipment for the hazards involved, also may
be needed. In most cases, it is safer, and may be
less costly, to allow commercial providers to break
bulk rather than “doing it yourself.”

¢ If unused hazardous material must be disposed
of, the disposal cost per container is less for
smaller containers.

An institution should also minimize the amount
of chemical accepted as a gift or as part of a research
contract. More than one laboratory has been burdened
with the cost of disposing of a donated chemical that
was not needed.

Donated material can easily become a liability. A
chemical engineering researcher accepted a 55-gallon
drum of an experimental diisocyanate as part of a re-
search contract. The ensuing research project used less
than 1 gallon of the material, and the grantor would
not take the material back for disposal. No commer-
cial incinerator would handle the material in its bulk
form. The remaining material had to be transferred to
1-liter containers and sent as lab packs for disposal, at
significant cost.

In section 5.D.2, the exchange or transfer of chemi-
cals to other trained laboratory personnel is discussed.
Smaller containers increase the chance that chemicals to
be transferred are in sealed containers, which increases
the receiver’s confidence that the chemicals are pure.

5.B.6 Minimize the Potential for Accidents

Green chemistry also means designing to reduce
accidents, injuries, and exposures to laboratory, store-
room, and receiving personnel. Chapters 4 and 6
explain planning and risk assessment for laboratory
personnel. Be sure that hazardous properties are un-
derstood before a material is purchased, synthesized,
or otherwise acquired. Search references and the lit-
erature to be cognizant of the properties of explosivity,
water and air reactivity, instability, age-related degra-
dation, and pressurization when contained. Searches of
historical laboratory accident data reveal risks associ-
ated with experimental setups, procedures, equipment,
facilities, inadequate training, and noncompliance with
safety rules. Trained laboratory personnel with this
knowledge should communicate it to co-workers and
material handling personnel. New laboratory person-
nel deserve a special orientation.
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5.B.7 Green Chemistry Principles Avoid
Multihazardous Waste Generation

Because the management of multihazardous waste
is often difficult, prudent green chemistry principles
minimize its generation. Chapter 8, sections 8.C.2
and 8.C.3, provides information on eliminating or
minimizing the components of waste that are biologi-
cal or radioactive hazards, respectively. For chemical-
biological waste, the primary strategy for minimizing
the multihazardous waste is to maintain segregation
of chemical and biological waste streams as much as
possible. For reduction of radioactive hazards, the
strategies discussed include substituting nonradioac-
tive materials for radioactive materials, substituting
radioisotopes having shorter decay times (e.g., when
radioactive iodine is specified, using iodine-131, with a
half-life of 8 days, instead of iodine-125, with a half-life
of 60 days), and carrying out procedures with smaller
amounts of materials.

5.B.8 Mercury Replacements in the
Laboratory

Chronic exposure to mercury (Chemical Abstracts
Service [CAS] No. 7439-97-6) through any route can
produce central nervous system damage (Mallinkrodt
Baker, Inc., 2008). Common exposure routes include
inhalation, ingestion, and skin or eye contact. Ther-
mometers and manometers are the most common labo-
ratory uses of elementary mercury, and in many cases,
there are suitable nonmercury alternatives available.
Broken thermometers and manometers create a health
hazard in the laboratory and, where possible, should
be replaced with mercury-free substitutes.

The consequences of broken mercury-filled equip-
ment (thermometers, manometers, diffusion pumps,
bubblers, etc.) can include personnel exposure, labo-
ratory and environmental contamination, mercury
spill cleanup, and disposal of mercury and mercury-
contaminated debris. Mercury spills are challenging to
clean up completely and require training and special
spill control materials (see Chapter 6, section 6.C.10.8,
for more information about mercury spill cleanup).
Elemental mercury is very heavy and can be expensive
to dispose as waste (Foster, 2005a). Replacing mercury-
filled equipment in the laboratory ensures compliance
with 2 of the 12 principles of green chemistry: No. 1,
“Prevent Waste: Design chemical syntheses to prevent
waste, leaving no waste to treat or clean up”; and
No. 12, “Minimize the potential for accidents: Design
chemicals and their forms (solid, liquid, or gas) to
minimize the potential for chemical accidents includ-
ing explosions, fires, and releases to the environment”
(Anastas and Warner, 1998).

Copyright © National Academy of Sciences. All rights reserved.



88

5.B.8.1 Thermometers

Design a mercury thermometer replacement pro-
gram to provide safe, suitable substitutes for use in
laboratories. Factors that should be considered during
the mercury replacement process are various applica-
tions in the laboratories, required temperature range,
thermometer length, immersion depth, scale divisions,
cost, accuracy in relation to application, and durability
upon exposure to corrosive solutions. In some cases,
these alternative thermometers have a more limited
temperature range than a mercury thermometer.
Perform tests for accuracy in the laboratory prior to a
total replacement program to ensure that the mercury
substitutes will be suitable for the methods that will be
employed in that particular laboratory. To ensure accu-
racy, thermometers must be calibrated using approved
methods such as ASTM E 77 (ASTM International,
2007a) and must be traceable to the National Institute
of Standards and Technology (NIST).

There is a wide selection of mercury-free liquid-filled
thermometers available, including spirit thermometers
(filled with biodegradable petroleum-based mineral
spirits and dyes) and alcohol-based thermometers.
When broken, these thermometers present no hazard-
ous material disposal problems. Some spirit thermom-
eters had a history of the thread breaking more easily
than a mercury thermometer, but many of the newer
formulations have overcome this problem. In the event
that the thread breaks, the simplest and safest method
to reunite the liquid is to use a centrifuge. Carefully
insert the thermometer, bulb down, in the centrifuge.
Use cotton wadding at the bottom of the cup to prevent
any damage to the bulb. Turn on the centrifuge and in
just a few seconds all the liquid will be forced past the
separation. Note that if the cup is not deep enough,
and all the centrifuge force is not below the column, the
column will split, forcing half the liquid in the bulb and
half the liquid in the expansion chamber (Izzo, 2002).

For liquid-filled thermometers used to measure the
temperature of liquids, accuracy will also depend on
choosing the correct immersion depth. This is less of
an issue for mercury thermometers because mercury
generally has better thermoconductivity. A total im-
mersion thermometer is designed to indicate tem-
peratures correctly when the bulb and all but 12 mm of
the liquid column are immersed in the bath medium.
The top 12 mm of the liquid column should be above
the bath medium so that the thermometer can be read
and the material does not distill at high temperatures.
Thermometers that have been graduated for total im-
mersion usually have no markings on the back pertain-
ing to immersion. A partial immersion thermometer is
designed to indicate temperatures correctly when the
bulb and a specified portion of the stem are exposed to
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the temperature being measured and the remainder of
the stem is exposed to the ambient temperature. Par-
tial immersion thermometers are clearly marked with
a permanently placed line on the stem to indicate the
proper immersion depth (ASTM International, 2007a).

In addition to thermometers that are filled with
mercury-alternative liquids, long-stem digital ther-
mometers are available with probes that are resistant
to most laboratory chemicals, including acids, bases,
and solvents. The bright displays, usually % in. high,
are easy to read and display the temperature in both
degrees Fahrenheit and degrees Celsius, with ranges
from —58 to 302 °F and -50 to 150 °C. Long-stem ther-
mometers are constructed of plastic and stainless steel
and do not contain glass or mercury, which make them
ideal thermometers for use in academic laboratories.
The stems are generally 8 inches long with an overall
thermometer length of 11 in.

5.B.8.2 Digital Thermometers

Where a mercury thermometer is the only option,
armor cases, which protect against breakage without
affecting accuracy, or Teflon-coated mercury thermom-
eters are recommended. These are particularly useful
in high-temperature ovens, oil baths, and autoclaves,
where cleaning up a mercury spill can be challenging
and the spill creates a serious health hazard.

5.B.8.3 Differential Manometers

Depending on the measurement range, labs can
substitute water or calibrated oils for mercury. Pressure
transducers or electronic pressure gauges may also be
an alternative to a conventional manometer.

5.C ACQUISITION OF CHEMICALS

5.C.1 Ordering Chemicals

Authority to place orders for chemicals may be cen-
tralized in one purchasing office or may be dispersed to
varying degrees throughout the institution. The advent
of highly computerized purchasing systems, and even
online ordering, has made it feasible to allow ordering
at the departmental or research group level. However,
the ability to control ordering of certain types of ma-
terials through a central purchasing system (e.g., pro-
hibiting flammables in containers over a certain size or
ensuring appropriate licensing of radioactive material
users) is almost completely lost when the purchasing
function is decentralized. In these cases, other creative
ways of exercising control need to be found.

Before purchasing a chemical, prudent laboratory
personnel ask several questions:
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¢ Isthe material already available from another lab-
oratory within the institution or from a surplus-
chemical stockroom? If so, waste is reduced, and
the purchase price is saved. The tendency to use
only new chemicals because of their purity should
be scrutinized, and that tendency should be care-
fully justified to ensure that materials already on
hand are used whenever possible.

¢ What is the minimum quantity that will suffice
for current use? Chemical purchases should not
be determined by the cheaper unit price basis of
large quantities but rather by the amount needed
for the experiment. The cost of disposing of the
excess is likely to exceed any potential savings
gained in a bulk purchase (i.e., the cost of getting
rid of a chemical may exceed its acquisition cost).
If a quantity smaller than the minimum offered by
a supplier is needed, the supplier should be con-
tacted and repackaging requested. Compressed
gas cylinders, including lecture bottles, should
normally be purchased from suppliers who accept
return of empty cylinders. If paying demurrage
charges, the laboratory may want to return par-
tially filled cylinders that will not be used in the
near future.

¢ What is the maximum size container allowed in
the areas where the material will be used and
stored? Fire codes and institutional policies regu-
late quantities of certain chemicals, most notably
flammables and combustibles. For these materi-
als, a maximum allowable quantity for laboratory
storage has been established (see also sections
5.E.5and 5.E.6).

¢ Can the chemical be managed safely when it ar-
rives? Does it require special storage, such as in a
drybox, refrigerator, or freezer? Do receiving per-
sonnel need to be notified of the order and given
special instructions for receipt? Will any special
equipment necessary to use the chemical be ready
when it arrives? An effort should be made to order
chemicals for just-in-time delivery by purchasing
all unstable or extremely reactive materials from
the same supplier with a request for one delivery
at the best time for performing an experiment.

* Does the chemical present any unique security
risks? Is it a controlled substance? Is there a risk
of potential intentional misuse of the chemi-
cal? Will the quantity ordered affect compliance
with the U.S. Department of Homeland Security
(DHS) Chemical Facility Anti-Terrorism Standard
(CFATS)? (See Chapter 10 for a discussion of labo-
ratory security.)

¢ Is the chemical unstable? Inherently unstable
materials may have very short storage times and
should be purchased just before use to avoid los-
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ing a reagent and creating an unnecessary waste
of material and time. Some materials may require
express or overnight delivery and will not tolerate
being held in transit over a weekend or holiday.

¢ Can the waste be managed satisfactorily? A chemi-
cal that produces a new category of waste may
cause problems for the waste management pro-
gram. An appropriate waste characterization and
method for proper disposal should be identified
before the chemical is ordered.

Within an institution or organization, one of the
advantages of computerization of ordering is that infor-
mation about deliveries of chemicals can be retrieved
from the chemical supplier, which provides a clear
picture of the purchasing history and distribution of
chemicals across buildings. Some institutions include
in their annual contracts with suppliers a requirement
to report on a monthly, a quarterly, or an annual basis
the quantity of each type of chemical purchased and the
location to which it was delivered. This information can
be helpful in preparing the various annual reports on
chemical use that may be required by federal, state, or
local agencies. For example, centralized ordering may
assist the institution in complying with the Controlled
Substances Act and with CFATS. In addition, such a
system is also useful for tracking the use of flammables,
locations of Food and Drug Administration drug pre-
cursors, and DHS chemicals of interest. [See Handbook of
Chemical Health and Safety (Alaimo, 2001); Code of Federal
Regulations, 1998.]

A purchase order for a chemical should include a
request for a material safety data sheet (MSDS). How-
ever, many of the larger laboratory chemical suppliers
send each MSDS only when an organization first orders
the chemical. Subsequent orders of the same chemical
are not accompanied by the MSDS. Therefore, a central
network of accessible MSDSs should be established.
This collection of MSDSs can be electronic if computer
access is available to all employees at all times.

5.C.2 Receiving Chemicals

Chemicals arrive at institutions in a variety of ways,
including U.S. mail, commercial package delivery, ex-
press mail services, and direct delivery from chemical
warehouses. Deliveries of chemicals should be con-
fined to areas that are equipped to handle them, usually
a loading dock, receiving room, or laboratory. Proper
equipment for receipt of chemicals includes chains
for temporarily holding cylinders and carts designed
to safely move various types of chemical containers.
Shelves, tables, or caged areas should be designated for
packages to avoid damage by receiving room vehicles.
Chemical deliveries should not be made to depart-
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mental offices because, in general, offices are unlikely
to be equipped to receive these packages. However, if
delivery to such an office is the only option, a separate
undisturbed location, such as a table or shelf, should
be identified for chemical deliveries, and the person
ordering the material should be notified immediately
on its arrival.

Receiving room, loading dock, and clerical personnel
should to be trained adequately to recognize hazards
that may be associated with chemicals coming into the
facility. They need to know what to do if a package is
leaking or if there is a spill in the receiving facility, and
they need to know who to call for assistance when a
problem develops. They should also be trained to iden-
tify activity that could suggest a security risk, such as
unauthorized personnel near the loading dock or un-
warranted interest in their activities. The Department
of Transportation (DOT) requires training for anyone
involved in the movement of hazardous materials,
including individuals who have been designated to
receive hazardous materials on behalf of the organiza-
tion (see Chapter 11, sections 11.E.1.5, and 11.E.1).

Your firm or institution should decide if stockroom
or laboratory personnel are responsible for unpacking
incoming chemicals. Incoming packages should be
promptly opened and inspected to ensure that con-
tainers are sealed in good condition and to confirm
what was ordered. The unpacked chemicals should be
stored safely. In particular, reactive chemicals shipped
in metal containers (e.g., lithium aluminum hydride,
sodium peroxide, phosphorus)—which are often
sealed—must be promptly unpacked and stored to
prevent degradation and corrosion and to be available
for periodic inspection.

Transportation of chemicals within the facility,
whether by internal staff or outside delivery personnel,
must be done safely. Single boxes of chemicals in their
original packaging can be hand carried to their destina-
tion if they are light enough to manage easily. Groups
of packages or heavy packages should be transported
on a cart that is stable, has straps or sides to contain
packages securely, and has wheels large enough to
negotiate uneven surfaces easily. Suitable carriers (e.g.,
secondary containment) should be used when trans-
porting individual containers of liquids.

Cylinders of compressed gases should always be
secured on specially designed carts and never be
dragged or rolled. The cap should always be securely in
place. Whenever possible, chemicals and gas cylinders
should be moved on freight elevators that are not used
for public occupancy, especially when moving toxic,
cryogenic, or asphyxiating gases.

If outside delivery personnel do not handle materi-
als according to the receiving facility’s standards, im-
mediate correction should be sought, or other carriers
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or suppliers should be used. Original purchase order
should specify delivery criteria. Some examples of de-
livery criteria would be that the gas cylinder must have
a cap and the cap must not be stuck, and damaged con-
tainers may not be accepted without the inspection and
approval of a technically qualified individual on-site.

When packages are opened in the laboratory, labora-
tory personnel should verify that the container is intact
and is labeled, at a minimum, with an accurate name
on a well-adhered label. For unstable materials, and
preferably for all materials, the date of receipt should
be on the label. Labels placed by the manufacturer
should remain intact. New chemicals should be entered
into the laboratory’s inventory promptly and moved to
the appropriate storage area.

5.0 INVENTORY AND TRACKING
OF CHEMICALS

5.D.1 General Considerations

Prudent management of chemicals in any laboratory
is greatly facilitated by keeping an accurate inventory
of the chemicals stored. An inventory is a record (usu-
ally a database) that lists the chemicals in the labora-
tory, along with information essential for their proper
management. Chemical inventories are also a vital tool,
and in some cases are required, for maintaining regula-
tory compliance. An organization cannot adequately
manage safety, security, emergency planning, waste
disposal, and the like without knowing what chemicals
are on-site and where they are stored. Without an up-
to-date inventory of chemicals, many important ques-
tions pertinent to prudent management of chemicals
can be answered only by visually scanning container
labels. A well-managed inventory system promotes
economical use of chemicals by making it possible to
determine immediately what chemicals are on hand.
An inventory is not limited to materials obtained from
commercial sources but includes chemicals synthe-
sized in a laboratory. If a chemical is on hand, the time
and expense of procuring new material are avoided. In-
formation on chemicals that present particular storage
or disposal problems facilitates appropriate planning
for their handling. Although a detailed list of hundreds
or thousands of chemicals stored in a particular loca-
tion may not be directly useful to emergency respond-
ers, it can be used to prepare a summary of the types
of chemicals stored and the hazards that might be
encountered. In larger organizations where chemicals
are stored in multiple locations, the inventory system
should include the storage location for each container
of each chemical. An inventory system is also of use
when considering laboratory security concerns. It can
assist in ensuring compliance with regulations, such
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as CFATS (see Chapter 10), tracking of materials to
ensure that they are not intercepted en route, and in
identification of unusual orders within the department
or organization.

If procedures for the facile updating of information
on storage locations are developed, the system be-
comes a tracking system. Such a system promotes the
sharing of chemicals originally purchased by different
research groups or laboratories. The more laboratories
in an organization agree to share chemicals, the greater
the likelihood that items unneeded in one location will
be used elsewhere. Tracking systems are more complex
to establish than simple inventories and require more
effort to maintain, but their favorable impact on the
economics and efficiency of chemical use in a large
organization often justify their use.

Each record in a chemical inventory database gener-
ally corresponds to a single container of a chemical
rather than merely to the chemical itself. This approach
allows for a more logical correspondence between the
records in the database and the chemicals stored in the
laboratory. The following data fields for each item are
recommended for any system:

* name as printed on the container;

e molecular formula, for further identification and
to provide a simple means of searching;

¢ CAS registry number, for unambiguous identi-
fication of chemicals despite the use of different
naming conventions;

e source; and

* size of container or original quantity of chemical.

In addition, the following information may be useful:

* hazard classification, as a guide to safe storage,
handling, and disposal;

¢ date of acquisition, to ensure that unstable chemi-
cals are not stored beyond their useful life;

* storage location, in laboratories where multiple
locations exist; and

* on-site owner or staff member responsible for the
sample.

In a chemical tracking system, how the consumption
of chemicals is tracked must be considered. The effort
involved in maintaining data on the precise contents of
each container must be weighed against the potential
benefit such a system would provide. Many tracking
systems omit this information and record only the
container size.

A simple inventory system records the above infor-
mation for each container on index cards, which are
then kept in an accessible location in some logical order,
such as by molecular formula. The ease of searching
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such a card file is limited by its size and the order in
which it is sorted. This type of system has obvious
advantages in terms of simplicity and low cost, but it
suffers several limitations. Listings of chemicals must
be prepared manually, and the integrity of the database
depends on how well the card file is maintained.

For an inventory of more than a few hundred chemi-
cals, a computer-based system offers advantages. Many
spreadsheet and database programs maintain an ef-
fective chemical inventory system, cross-referenced
by different scientific or common names. The integrity
of the inventory system is enhanced by the ease of
making backup copies of the database. Searches for
desired chemicals are carried out in a number of ways,
depending on the software. The ability to search and
sort the database, for example, by hazard classification,
acquisition date, owner, or other parameters, and to
prepare lists of the results of such a sort contribute to
efficiency in a variety of chemical management tasks.
Section 5.C.1 notes the prudence of establishing a cen-
tral network of MSDSs. Including MSDSs and labora-
tory chemical safety summaries (LCSSs) (see Chapter
4 and accompanying CD) in the inventory’s database
is highly desirable. Alternatively, the inventory could
be linked to other databases containing safety and
environmental information about the chemicals. The
quality of MSDSs varies significantly from one manu-
facturer to another. LCSSs, which are targeted to the
needs of typical trained laboratory personnel, are a use-
ful supplement to the information provided by MSDSs.

Having a fully capable chemical tracking system de-
pends on careful selection of database software. Such a
package should permit access from multiple terminals
or networked computers and, most importantly, have
a foolproof efficient method for rapidly recording the
physical transfer of a chemical from one location to
another. Bar-code labeling of chemical containers as
they are received provides a means of rapid error-free
entry of information for a chemical tracking system. If
reagent chemical suppliers were to adopt a system in
which chemical containers were labeled with bar codes
providing essential information on their products, the
maintenance of chemical tracking systems would be
greatly facilitated. Proprietary software packages for
tracking chemicals are available. Organizations oper-
ating under good laboratory practice regulations may
even want to track the quantity of material in each
container. The investment in hardware, software, and
personnel to set up and maintain a chemical inventory
tracking system is considerable but pays significant
dividends in terms of economical and prudent man-
agement of chemicals.

As with any database, the usefulness of an inventory
or chemical tracking system depends on the integrity
of the information it contains. If an inventory system
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is used to locate chemicals for use or sharing in the
laboratory, even a moderate degree of inaccuracy
erodes confidence in the system and discourages use.
The need for high fidelity of data is greater for a track-
ing system, because trained laboratory personnel will
rely on it to save time locating chemicals rather than
physically searching. For these reasons, appropriate
measures should be taken periodically to purge any in-
ventory or tracking system of inaccurate data. A physi-
cal inventory of chemicals stored, verification of the
data on each item, and reconciliation of differences are
performed annually. This procedure coincides with an
effort to identify unneeded, outdated, or deteriorated
chemicals and to arrange for their disposal. The follow-
ing guidelines for culling inventory may be helpful:

¢ Consider disposing of materials not expected to
be used within a reasonable period, for example,
2 years. For stable, relatively nonhazardous sub-
stances with indefinite shelf lives, a decision to
retain them in storage should take into account
their economic value, scarcity, availability, and
storage costs.

* Make sure that deteriorating containers or con-
tainers in which evidence of a chemical change
in the contents is apparent are inspected and
handled by someone experienced in the possible
hazards inherent in such situations.

¢ Dispose of or recycle chemicals before the expira-
tion date on the container.

* Replace deteriorating labels before information
is obscured or lost to ensure traceability and ap-
propriate storage and disposal of the chemicals.

* Because many odoriferous substances make their
presence known despite all efforts to contain
them, aggressively purge such items from storage
and inventory.

e Aggressively cull the inventory of chemicals
that require storage at reduced temperature in
environmental rooms or refrigerators. Because
these chemicals may include air- and moisture-
sensitive materials, they are especially prone to
problems that are exacerbated by the effects of
condensation.

* Dispose of all hazardous chemicals at the comple-
tion of the laboratory professional’s tenure or
transfer to another laboratory. The institution’s
cleanup policy for departing laboratory research-
ers and students should be enforced strictly to
avoid abandoned unknowns that pose unknown
hazards to remaining personnel and have high
disposal costs.

¢ Develop and enforce procedures for transfer or
disposal of chemicals and other materials when
decommissioning laboratories because of reno-
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vation or relocation. Try to avoid receiving en-
tire chemical inventories from decommissioned
laboratories and do not donate entire chemical
inventories to schools or small businesses.

Chemical inventory challenges have not changed
since the first use of index card files. The initial chal-
lenge is ensuring that every laboratory chemical gets
entered into the inventory. This task often requires the
concerted effort of many staff members. The second
challenge is keeping the inventory current. Meeting
this challenge usually requires designating one or more
responsible individuals to enter new materials into the
system; these individuals are the only personnel who
should have write/edit access to the inventory. Facil-
ity procedures must make sure that notice of all new
materials is presented to these designated individu-
als for entry into the inventory. Assuming that every
staff member will faithfully enter new chemicals into
the system results in an obsolete inventory. A third
challenge is making sure that consumed chemicals,
that is, empty containers, are removed from the active
inventory.

Inventories are valuable to laboratory operations if
everyone supports and contributes to the inventory.
Managers with budgetary responsibilities appreciate
the value of an established inventory system in reduc-
ing procurement and operating costs. Laboratory waste
coordinators favor more efficient use of in-house mate-
rials resulting in reduced quantities of waste.

More information about chemical management sys-
tems can be found in Chapter 2, section 2.D.4.

5.D.2 Exchange of Chemicals Between
Laboratories and Stockrooms

The exchange or transfer of chemicals between labo-
ratories at an institution depends on the kind of inven-
tory system and central stockroom facilities in place.
Some institutions encourage laboratory personnel to
return materials to the central stockroom for redistribu-
tion to others. The containers are sealed or open with a
portion of the material used. Containers that have been
opened are often of sufficient purity to be used as is in
many procedures. If the purity is in doubt, the person
who returned the material should be consulted. The
stockroom personnel can update the central inventory
periodically to indicate what is available for exchange
or transfer. For an exchange program to be effective, all
contributors to and users of the facility must reach a
consensus on the standards to be followed concerning
the labeling and purity of stored chemicals.

A word of caution is offered in regard to surplus-
chemical stockrooms; they must be managed with the
same degree of control as a new-chemical storage area.
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The surplus-chemical stockroom is not a depository for
any chemical that will not be wanted in the laboratory
within a reasonable period (e.g., 2 to 3 years); such
materials are to be disposed of properly. Rooms that
are used as general depositories of unwanted chemicals
become mini-Superfund sites because of lack of control.

Academic institutions could recycle common organic
solvents from one research laboratory to another, or
from research laboratories to teaching laboratories. For
example, chromatography effluents such as toluene
could be collected from research laboratories, distilled,
and checked for purity before reuse. Commercial dis-
tillation systems are available for such purposes, but
laboratory personnel performing the distillations or
working in the immediate vicinity need appropriate
training. (See Chapter 7 for hazards associated with
distillation.)

Laboratory-to-laboratory exchange can be an effec-
tive alternative to a central surplus-chemical stockroom
in organizations unwilling or unable to manage a
central storeroom properly. In such a system, trained
laboratory personnel retain responsibility for the
storage of unwanted chemicals but notify colleagues
periodically of available materials. A chemical track-
ing system as described above facilitates an exchange
system greatly. If colleagues within the same laboratory
are using the same hazardous material, particularly one
that is susceptible to decomposition on contact with air
or water, they should try to coordinate the timing of
their experiments.

5.D.3 Recycling of Chemicals and
Laboratory Materials

5.D.3.1 General Considerations

Chemical recycling takes many forms. In each case a
material that is not quite clean enough to be used as is
must be brought to a higher level of purity or changed
to a different physical state.

Recycling occurs on-site or off-site. On-site recycling
occurs at the laboratory or at a central location that
collects recyclables from several laboratories. Because
on-site recycling can be very time and energy intensive,
it may not be economically justifiable. In some cases,
although the amount of waste may be quite small, it
can require very expensive disposal if a commercial
vendor must be used. Before a decision on recycling
is made, the cost of avoided waste disposal should be
calculated. Because of the difficulty of maintaining the
needed level of cleanliness and safety, on-site recycling
of mercury and other toxic metals is no longer recom-
mended. Another significant issue is whether recycling
activities require a waste treatment permit under the
Resource Conservation and Recovery Act (RCRA).
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More information about this regulation can be found
in Chapters 8 and 11. State and local regulations must
also be considered.

Off-site commercial firms recycle, reclaim, purify,
and stabilize vacuum pump oil, solvents, mercury, rare
materials, and metals. Off-site recycling is preferable
to disposal, and sometimes is less expensive. Another
off-site option is to work with suppliers of laboratory
chemicals who accept return of unopened chemicals,
including highly reactive chemicals. Gas suppliers
sometimes accept returns of partially used cylinders.

A general comment applicable to all recycling is that
a recyclable waste stream needs to be kept as clean as
possible. If a laboratory produces a large quantity of
waste xylene, small quantities of other organic solvents
should be collected in a separate container, because the
distillation process gives a better product with fewer
materials to separate. Steps should also be taken to
avoid getting mercury into oils used in vacuum sys-
tems, and oil baths. Similarly, certain ions in a solution
of waste metal salts have a serious negative impact
on the recrystallization process. Identify users for a
recycled product before time and energy are wasted
on producing a product that must still be disposed of
as a waste. Recycling some of the chemicals used in
large undergraduate courses is especially cost-effective
because the users are known well in advance.

Many recycling processes result in some residue that
is not reusable and will probably have to be handled as
a hazardous waste.

5.D.3.2 Solvent Recycling

Because the choice of a distillation unit for solvent
recycling is controlled largely by the level of purity de-
sired in the solvent, know the intended use of the redis-
tilled solvent before equipment is purchased. A simple
flask, column, and condenser setup may be adequate
for a solvent that will be used for crude separations
or for initial glassware cleaning. For a much higher
level of purity, a spinning band column is probably
required. Stills with automatic controls that shut down
the system under conditions such as loss of cooling or
overheating of the still pot are highly recommended,
because they enhance the safety of the distillation op-
eration greatly. Overall, distillation is likely to be most
effective when fairly large quantities (roughly 5 L) of
relatively clean single-solvent waste are accumulated
before the distillation process is begun.

5.D.3.3 Recycling Containers, Packaging, and
Labware

Laboratory materials other than chemicals, such as
containers or packaging materials and parts of labora-
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tory instruments, can also be recycled. Examples in-
clude certain clean glass and plastic containers, drums
and pails, plastic and film scrap, cardboard, office
paper, lightbulbs, circuit boards, other electronics, and
metals such as steel and aluminum. Note that an empty
container may still be subject to management require-
ments. See the following regulations: 40 CFR § 261.7
(EPA “empty”); 49 CFR § 173.29 (DOT “empty”); 49
CFR §§ 173.12(c) and 173.28 (DOT “reuse”).

5.D.4 Labeling Commercially Packaged
Chemicals

Warning: Do not remove or deface any existing labels on
incoming containers of chemicals and other materials.

Commercially packaged (by U.S. manufacturers)
chemical containers received from 1986 onward gen-
erally meet current labeling requirements. The label
usually includes the name of the chemical and any nec-
essary handling and hazard information. Inadequate
labels on older containers should be updated to meet
current standards. To avoid ambiguity about chemical
names, many labels carry the CAS registry number
as an unambiguous identifier and this information
should be added to any label that does not include it.
On receipt of a chemical, the manufacturer’s label is
supplemented by the date received and possibly the
name and location of the individual responsible for
purchasing the chemical. If chemicals from commercial
sources are repackaged into transfer vessels, the new
containers should be labeled with all essential informa-
tion on the original container.

5.D.5 Labeling Other Chemical Containers

The overriding goal of prudent practice in the
identification of laboratory chemicals is to avoid aban-
doned containers of unknown materials that may be
expensive or dangerous to dispose of. The contents of
all chemical containers and transfer vessels, including,
but not limited to, beakers, flasks, reaction vessels, and
process equipment, should be properly identified. The
labels should be understandable to trained laboratory
personnel and members of well-trained emergency
response teams. Labels or tags should be resistant to
fading from age, chemical exposure, temperature, hu-
midity, and sunlight.

Chemical identification and hazard warning labels
on containers used for storing chemicals should in-
clude the following information:

¢ identity of the owner,

¢ chemical identification and identity of hazard
component(s), and

* appropriate hazard warnings.
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Materials transferred from primary (labeled) bulk
containers to transfer vessels (e.g., safety cans and
squeeze bottles) should be labeled with chemical
identification and synonyms, precautions, and first-aid
information.

Label containers in immediate use, such as beakers
and flasks, with the chemical contents. All reactants
should be labeled with enough information to avoid
confusion between them.

5.D.6 Labeling Experimental Materials

Labeling all containers of experimental chemical
materials is prudent. Because the properties of an
experimental material are generally not completely
known, do not expect its label to provide all necessary
information to ensure safe handling.

The most important information on the label of an
experimental material is the name of the researcher
responsible, as well as any other information, such as
a laboratory notebook reference, that can readily lead
to what is known about the material. For items that are
to be stored and retained within a laboratory where the
properties of materials are likely to be well understood,
only the sample identification and name are needed.

(For information about labeling samples for trans-
port and shipping, see section 5.F.)

5.D.7 Use of Inventory and Tracking
Systems in Emergency Planning

The most important information to have in an emer-
gency is how to access a researcher who is knowledge-
able about the chemical(s) involved. In addition, an
organization’s emergency preparedness plan should
include what to do in the event of a hazardous material
release. The inventory and tracking systems and the
ability to access and make use of them are essential to
proper functioning of the plan in an emergency. The
care taken in labeling chemicals is also extremely im-
portant. (See Chapter 6, section 6.C.10, for a detailed
discussion of what to do in laboratory emergencies.)

5.E STORAGE OF CHEMICALS IN
STOCKROOMS AND LABORATORIES

The storage requirements and limitations for stock-
rooms and laboratories vary widely depending on

level of expertise of the employees,

level of safety features designed into the facility,
level of security designed into the facility,
location of the facility and neighboring homes or
buildings,

* nature of the chemical operations,
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accessibility of the stockroom,
local and state regulations,
insurance requirements, and
building and fire codes.

Many local, state, and federal regulations have
specific requirements that affect the handling and stor-
age of chemicals in laboratories and stockrooms. For
example, radioactive materials, consumable alcohol,
explosives, dual-use materials, and hazardous waste
have requirements ranging from locked storage cabi-
nets and controlled access to specified waste containers
and regulated areas. Stringent requirements may also
be placed on an institution by its insurance carriers.

Controlled substances (e.g., narcotics and other con-
trolled prescription drugs) used in research or with
research animals have special requirements. The labo-
ratory director must first register with the U.S. Drug
Enforcement Agency (DEA) and with the relevant
state agency to purchase, possess, or use a Schedule
1-5 controlled substance. Schedule 1 and 2 drugs (e.g.,
morphine, pentobarbital) must be stored in a safe that
is bolted to the floor or wall. Schedule 3-5 drugs (e.g.,
chloral hydrate, phenobarbital) must be stored in a
locked drawer or cabinet. Access should be limited to
the laboratory director and, if necessary, no more than
the one or two laboratory members who will be using
the substance. Detailed inventory records must be kept
up-to-date, including amounts purchased, used, left on
hand, and disposed of. Contact your local DEA office
for disposal instructions. In some cases a DEA agent
must witness disposal or packaging for shipment to a
disposal facility.

5.E.1 General Considerations

In general, store materials and equipment in cabinets
and on shelving designated for such storage:

¢ Avoid storing materials and equipment on top of
cabinets. With all stored items, maintain a clear-
ance of at least 18 inches from the sprinkler heads to
allow proper functioning of the sprinkler system
[see National Fire Protection Association Standard
13 (NFPA, 2010)].

¢ To make chemicals readily accessible and to re-
duce accidents caused by overreaching, do not
store materials on shelves higher than 5 ft (~1.5
m). If retrieving materials stored above head level,
use a step stool.

¢ Store heavy materials on lower shelves. While rec-
ommended for all laboratories, this is particularly
important in areas where seismic activity is pos-
sible because items may fall during an earthquake.

¢ Keep exits, passageways, areas under tables or
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benches, and emergency equipment areas free of
stored equipment and materials to allow for ease
of egress and access in case of emergency.

Storing chemicals in stockrooms and laboratories
requires consideration of a number of health and safety
factors. In addition to the inventory control and stor-
age area considerations discussed above, proper use of
containers and equipment is crucial (see section 5.E.3).

In addition to the basic storage area guidelines
above, follow these general guidelines when storing
chemicals:

¢ Label all chemical containers appropriately to
ensure that chemicals will be stored safely.

¢ Place the user’s name and the date received on
all purchased materials to facilitate inventory
control.

¢ To assist in maintaining a clean work environment
and to ensure that segregation of incompatible
chemicals is maintained, provide a definite stor-
age place for each chemical and return the chemi-
cal to that location after each use.

¢ To avoid clutter, avoid storing chemicals on
benchtops, except for those chemicals being used
currently.

¢ Toavoid clutter and to maintain adequate airflow,
avoid storing chemicals in chemical hoods, except
for those chemicals in current use.

¢ Store volatile toxic or odoriferous chemicals in a
ventilated cabinet. Check with the institution’s
environmental health and safety officer.

¢ Provide ventilated storage near laboratory chemi-
cal hoods.

¢ Ifachemical does not require a ventilated cabinet,
store it inside a closable cabinet or on a shelf that
has a lip to prevent containers from sliding off in
the event of a fire, serious accident, or earthquake.

* Do not expose stored chemicals to heat or direct
sunlight.

¢ Observe all precautions regarding the storage of
incompatible chemicals.

¢ Separate chemicals into compatible groups and
store alphabetically within compatible groups.
See Table 5.1 and Figure 5.1 for one suggested
method for arranging chemicals. Because chemi-
cals in storage are contained, their separation by
compatibility groups can be simplified. The color-
coded system described here allows for ease of
storage. As explained in Chapter 6, compatibility
precautions for mixing chemicals are far more
complex.

¢ Store flammable liquids in approved flammable-
liquid storage cabinets.

¢ Consider the security needs for the materials.
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TABLE 5.1 Examples of Compatible Storage Groups

A: Compatible Organic Bases

Diethylamine

Piperidine

Triethanolamine

Benzylamine
Benzyltrimethylammonium hydroxide

B: Compatible Pyrophoric & Water-Reactive Materials

Sodium borohydride

Benzoyl chloride

Zinc dust

Alkyl lithium solutions such as methyl lithium in tetrahydrofuran
Methanesulfonyl chloride

Lithium aluminum hydride

C: Compatible Inorganic Bases

Sodium hydroxide
Ammonium hydroxide
Lithium hydroxide
Cesium hydroxide

D: Compatible Organic Acids

Acetic acid
Citric acid
Maleic acid
Propionic acid
Benzoic acid

E: Compatible Oxidizers Including Peroxides

Nitric acid

Perchloric acid

Sodium hypochlorite
Hydrogen peroxide
3-Chloroperoxybenzoic acid

F: Compatible Inorganic Acids not Including Oxidizers or
Combustibles

Hydrochloric acid

Sulfuric acid

Phosphoric acid

Hydrogen fluoride solution

J: Poison Compressed Gases

Sulfur dioxide
Hexafluoropropylene

K: Compatible Explosives or Other Highly Unstable Materials

Picric acid dry(<10% H,0O)
Nitroguanidine

Tetrazole

Urea nitrate

L: Nonreactive Flammables and Combustibles, Including
Solvents

Benzene
Methanol
Toluene
Tetrahydrofuran

X: Incompatible with ALL Other Storage Groups

Picric acid moist (10-40% H,O)
Phosphorus

Benzyl azide

Sodium hydrogen sulfide

NOTE: A larger list of examples can be found on the CD that accompanies this book.
SOURCE: Adapted from Stanford University’s Chem Tracker Storage System. Used with permission from Lawrence M. Gibbs, Stanford

University.

Some chemicals are regulated by federal agencies
and require locked cabinets or storage in secure
areas.

5.E.2 Storage According to Compatibility

It is prudent to store containers of incompatible
chemicals separately. Separation of incompatibles will
reduce the risk of mixing in case of accidental breakage,
fire, earthquake, or response to a laboratory emergency.
Even when containers are tightly closed, fugitive va-
pors can cause deleterious incompatibility reactions
that degrade labels, shelves, cabinets, and containers
themselves. As discussed in Chapter 4, a far more
detailed review of incompatibilities needs to be done
when chemicals are deliberately mixed,

Figure 5.1 (also available on the CD accompanying
this book) and Table 5.1 show an example of a detailed

classification system for the storage of groups of chemi-
cals by compatibility. The system classifies chemicals
into 11 storage groups. Each group should be separated
by secondary containment (e.g., plastic trays) or, ide-
ally, stored in its own storage cabinet. According to
this system, it is most important to separate storage
groups B (compatible pyrophoric and water-reactive
chemicals) and X (incompatible with all other storage
groups). These two groups merit their own storage
cabinets. The accompanying compact disc includes a
spreadsheet of hundreds of chemicals listed according
to these storage groups.

There are other good classification systems for
storing chemicals according to compatibility. At a
minimum, always store fuels away from oxidizers. In
other systems, the following chemical groups are kept
separate by using secondary containment, cabinets, or
distance:
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STO RAG E G Ro U P s If space does not allow Storage Groups to be kept in separate
cabinets the following scheme can be used with extra care taken to

Store chemicals in separate secondary containment and cabinets provide stable, uncrowded, and carefully monitored conditions.

b

Compatible Organic Bases

Compatible Pyrophoric &
Water-Reactive Materials

Compatible Inorganic Bases

Compatible Organic Acids

Compatible Oxidizers including
Peroxides

Compatible Inorganic Acids not
including Oxidizers or Combustible

Not Intrinsically Reactive or
Flammable or Combustible

OmMmQUynN

Yo
*

Poison Compressed Gases

Compatible Explosive or other
highly Unstable Material

Non-Reactive Flammable and
Combustible, including solvents

-~ X
*

% Incompatible with ALL other
x storage groups

e Group B is not compatible
with any other storage group.

*Storage Groups J, K, and X: Consult EHS Department. Storage Group X must be segregated
For specific storage, consult manufacturer’s MSDS. from all other chemicals.

FIGURE 5.1 Compatible storage group classification system. This system should be used in conjunction with specific storage
conditions taken from the manufacturer’s label and material safety data sheet. SOURCE: Adapted from Stanford University’s
ChemTracker Storage System. Used with permission from Lawrence M. Gibbs, Stanford University. NOTE: Also available on
the CD accompanying this book.

e oxidizers, including peroxides; 5.E.3 Containers and Equipment

® corrosives—inorganic bases;

® corrosives—inorganic acids, not including oxidiz-
ers or combustibles;

¢ flammable materials;

e reproductive toxins;

¢ select carcinogens; and

e substances with a high degree of acute toxicity.

Specific guidelines regarding containers and equip-
ment to use in storing chemicals are as follows:

* Use of corrosion-resistant storage trays as sec-
ondary containment for spills, leaks, drips, or
weeping is a good idea. Polypropylene trays are
suitable for most purposes.

* Use secondary containment (i.e., an overpack) to
retain materials if the primary container breaks
or leaks.

* Provide vented cabinets beneath chemical hoods
for storing hazardous materials. (This encour-
ages the use of the hoods for transferring such
materials.)

® Seal containers to minimize escape of corrosive,
flammable, or toxic vapors.

Depending on the chemicals, their amounts, and
the activities of your laboratory, it may make sense to
separate these alternative storage groups. Also be sure
to follow any storage information on the container’s
label or on the chemical’s MSDS.

In seismically active regions, storage of chemicals re-
quires additional stabilization of shelving and contain-
ers. Shelving and other storage units should be secured
and contain a front-edge lip to prevent containers from
falling. Ideally, containers of liquids are placed on a
metal or plastic tray that could hold the liquid if the 5.E.4 Cold Storage
container broke while on the shelf. All laboratories, not
only those in seismically active regions, benefit from
these additional storage precautions.

Safe storage of chemicals, biologicals, and radioac-
tive materials in refrigerators, cold rooms, or freezers
requires good labels, organization, and active manage-
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ment. The laboratory director assigns responsibility
for keeping these units safe, clean, and organized and
monitors their proper operation. Extra care is required
because frost and condensation not only obscure labels
but also make containers hard to hold and easy to drop.
Too often, research materials are stored haphazardly in
cold storage areas. To ensure safety:

* Use chemical storage refrigerators only for storing
chemicals.

¢ Use waterproof tape and markers to label labora-
tory refrigerators and freezers with the following;:

NO FOOD—LAB CHEMICAL STORAGE
ONLY

* Do not store flammable liquids in a refrigera-
tor unless it is approved for such storage. Such
refrigerators are designed not to spark inside
the refrigerator. If refrigerated storage is needed
inside a flammable-storage room, it is advisable
to choose an explosion-proof refrigerator. Do not
store oxidizers or highly reactive materials in the
same unit as flammables.

¢ All containers must be closed and stable to reduce
the risk of a spill. Round-bottom flasks need sec-
ondary containment.

¢ Label all materials in the refrigerator with con-
tents, owner, date of acquisition or preparation,
and nature of any potential hazard.

¢ Organize contents by owner but keep incompat-
ibles separate. Organize by labeling shelves and
posting the organization scheme on the outside of
the unit.

* Secondary containment, such as plastic trays, is
highly recommended for all containers. Second-
ary containment captures spills and leaks and
facilitates organization and labeling.

¢ Every year, review the entire contents of each cold
storage unit. Dispose of all unlabeled, unknown,
or unwanted materials.

* When any trained laboratory personnel leaves,
review the contents of each cold storage unit to
identify that person’s material, so that it can be
disposed of or reassigned.

5.E.5 Storing Flammable and Combustible
Liquids

NFPA Standard 45 (NFPA, 2004) limits the quantity
of flammable and combustible liquids in laboratories.
(International, state, and local building codes and regu-
lations should also be consulted.) The quantity allowed
depends on a number of factors, including
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construction of the laboratory,

number of fire control zones in the building,
floor level where the laboratory is located,

fire protection systems built into the laboratory,
storage of flammable liquids in flammable-liquid
storage cabinets or safety cans, and

¢ type of laboratory (i.e., instructional or research
and development).

Many laboratories have a business (B) classification
with sprinkler systems and a flammable and combus-
tible liquid storage limitation, as shown in Table 5.2.
Note that laboratory unit fire hazard classes are based
on the quantities of flammable and combustible liquids
in the space. This classification significantly affects the
fire separation requirements for the laboratory. Most
research laboratories fall under Class B, C, or D.

Note that some laboratories may be in jurisdictions
that refer to the International Code Agency rather than
NFPA, and state and local regulations may be more
stringent than those cited here. Laboratory personnel
and organization should be sure to check the require-
ments specific to their area.

The container size for storing flammable and com-
bustible liquids is limited both by NFPA Standards
30 and 45 and by the Occupational Safety and Health
Administration (OSHA). Limitations are based on the
type of container and the flammability of the liquid, as
shown in Table 5.3.

Label all chemical containers with the identity of the
contents and hazard warning information. All chemical
waste containers must have appropriate waste labels.
Flammable liquids that are not stored in safety cans
should be placed in storage cabinets rated for flam-
mable storage. When space allows, store combustible
liquids in flammable-storage cabinets. Otherwise, store
combustible liquids in their original containers. Store
55-gal drums of flammable and combustible liquids
in special storage rooms for flammable liquids. Keep
flammable and combustible liquids away from strong
oxidizing agents, such as nitric or chromic acid, per-
manganates, chlorates, perchlorates, and peroxides.
Keep flammable and combustible liquids away from
any ignition sources. Remember that many flammable
vapors are heavier than air and can travel to ignition
sources. Take the following additional precautions
when storing flammable liquids:

* When possible, store quantities of flammable
liquids greater than 1 L (approximately 1 qt, or 32
oz) in safety cans. Refer to Table 5.3.

¢ Store combustible liquids either in their original
(or other NFPA- and DOT-approved) containers
or in safety cans. Refer to Table 5.3.
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TABLE 5.2 Storage Limits for Flammable and Combustible Liquids for Laboratories with
Sprinkler System (maximum 100 ft? laboratory space)

Excluding Quantities in Rated Including Quantities in Rated
Storage Cabinets/Safety Cans Storage Cabinets/Safety Cans
Laboratory (max per 100 ft?) (max per 100 ft?)
Unit Fire P P
Hazard Class Class of Liquid gal L gal L
A Class I flammable 10 38 20 76
(high fire (flash point <100 °F)
hazard) Combined Class I, II, TIIA 20 76 40 150
(flash point <200 °F)
B Class I flammable 5 20 10 38
(moderate (flash point <100 °F)
fire hazard) Combined Class I, TI, TIIA 10 38 20 76
(flash point <200 °F)
C Class I flammable 2 7.5 4 15
(low fire (flash point <100 °F)
hazard) Combined Class I, II, IIIA 4 15 8 30
(flash point <200 °F)
D Class I flammable 1 4 2 7.5
(minimal fire (flash point <100 °F)
hazard)
Combined Class I, II, ITTA 1 4 2 7.5

(flash point <200 °F)

NOTE: Limits for laboratories in health care occupancies and in K-12 educational facilities may be significantly lower.
SOURCE: Reproduced with permission from NFPA 45, Fire Protection for Laboratories Using Chemicals, Copyright 2004,
National Fire Protection Association. This reprinted material is not the complete and official position of NFPA on the
referenced subject, which is represented only by the standard in its entirety.

TABLE 5.3 Container Size for Storage of Flammable and Combustible Liquids

29

Flammable Liquids® Combustible Liquids®

Class IA Class IB Class IC Class II Class IITA
Container L gal L gal L gal L gal L
Glass 0.5 0.12 1 0.25 4 1 4 1 20
Metal/approved plastic? 4 1 20 5 20 5 20 5 20
Safety cans? 10 2.6 20 5 20 5 20 5 20

NOTE: Label safety cans with contents and hazard warning information. Safety cans containing flammable or combustible liquid waste
must have appropriate waste labels. Place 20-L (5-gal) and smaller containers of flammable liquids that are not in safety cans in storage
cabinets for flammable liquids. Do not vent these cabinets unless they also contain volatile toxics or odoriferous chemicals. Aerosol cans

that contain 21% (by volume), or greater, alcohol or petroleum-based liquids are considered Class IA flammables. When space allows, store

combustible liquids in storage cabinets for flammable liquids. Otherwise, store combustible liquids in their original (or other Department
of Transportation-approved) containers according. Store 55-gal drums of flammable and combustible liquids in special storage rooms
for flammable liquids. Keep flammable and combustible liquids away from strong oxidizing agents, such as nitric or chromic acid,

permanganates, chlorates, perchlorates, and peroxides. Keep flammable and combustible liquids away from an ignition source. Remember

that most flammable vapors are heavier than air and can travel to ignition sources.

Class IA includes those flammable liquids having flash points <73 °F and having a boiling point <100 °F, Class IB includes those having
flash points <73 °F and having a boiling point 2100 °F, and Class IC includes those having flash points 273 °F and <100 °F. Aerosol cans that

contain 21% (by volume), or greater, alcohol or petroleum-based liquids are considered Class IA flammables.

bClass II includes those combustible liquids having flash points at 2100 °F and <140 °F, Class IIIA includes those having flash points >140

°F and <200 °F, and Class IIIB includes those having flash points >200 °F.

‘Glass containers as large as 1 gal can be used if needed and if the required purity would be adversely affected by storage in a metal or
approved plastic container, or if the liquid would cause excessive corrosion or degradation of a metal or approved plastic container.

In educational and institutional laboratory work areas, containers for Class I or Class II liquids should not exceed 8 L (32.1 gal) for safety

cans or 4 L (1 gal) for other containers.

SOURCE: Reproduced with permission from NFPA 45, Fire Protection for Laboratories Using Chemicals, Copyright© 2004, National Fire
Protection Association. This reprinted material is not the complete and official position of NFPA on the referenced subject, which is

represented only by the standard in its entirety.
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5.E.6 Storing Gas Cylinders

Check applicable international, regional, or local
building and fire codes to determine the maximum
amount of gas to be stored in a laboratory. These limits
vary by storage conditions and type of chemical.

With toxic and reactive gases, or large quantities
of asphyxiating gases, a special gas cabinet may be
required. Gas cabinets are designed for leak detection,
safe change-outs, ventilation, and emergency release.

The following general precautions should be taken
when storing compressed gas cylinders or lecture
bottles:

¢ Always label cylinders with their contents; do not
depend on the manufacturer’s color code. They
may vary across companies.

® Securely strap or chain gas cylinders to a wall or
benchtop. In seismically active areas, use more
than one strap or chain.

* When cylinders are no longer in use, shut the
valves, relieve the pressure in the gas regulators,
remove the regulators, and cap the cylinders.

* Segregate gas cylinder storage from the storage of
other chemicals.

* Do not store corrosives near gas cylinders or lec-
ture bottles. Corrosive vapors from mineral acids
can deface markings and damage valves.

e Keep incompatible classes of gases stored sepa-
rately. Keep flammables away from reactives,
which include oxidizers and corrosives. (For more
information on storage of flammable gases, see
Chapter 7, section 7.D.3.3.)

* Segregate empty cylinders from full cylinders.

¢ Keep in mind the physical state—compressed,
cryogenic, or liquefied—of the gases.

* Do not abandon cylinders in the dock storage
areas.

® Return cylinders to the supplier when you are
finished with them.

For commonly used laboratory gases, consider the
installation of in-house gas systems. Such systems
remove the need for transport and in-laboratory han-
dling of compressed gas cylinders. Chapter 6, section
6.H, provides additional information on working with
compressed gases in the laboratory.

5.E.7 Storing Highly Reactive Substances

Check applicable international, regional, or local
building and fire codes to determine the maximum
amount of highly reactive chemicals that can be stored
in a laboratory. These limits vary by storage conditions
and type of chemical. Follow these additional guide-
lines when storing highly reactive substances:

Prudent Practices in the Laboratory: Handling and Management of Chemical Hazards, Updated Version

PRUDENT PRACTICES IN THE LABORATORY

Consider the storage requirements of each highly
reactive chemical prior to bringing it into the
laboratory.

Consult the MSDSs or other literature in mak-
ing decisions about storage of highly reactive
chemicals.

Bring into the laboratory only the quantities of
material needed for immediate purposes (<3- to
6-month supply, depending on the nature and
sensitivity of the materials).

Label, date, and inventory all highly reactive
materials as soon as received. Make sure the label
states

DANGER! HIGHLY REACTIVE MATERIAL!

Do not open a container of highly reactive mate-

rial that is past its expiration date. Call your insti-

tution’s hazardous waste coordinator for special

instructions.

Do not open a liquid organic peroxide or peroxide

former if crystals or a precipitate are present. Call

your institution’s hazardous waste coordinator

for special instructions.

For each highly reactive chemical, determine a re-

view date to reevaluate its need and condition and

to dispose of (or recycle) material that degrades

over time.

Segregate the following materials:

© oxidizing agents from reducing agents and
combustibles,

o powerful reducing agents from readily reduc-
ible substrates,

o pyrophoric compounds from flammables, and

o perchloric acid from reducing agents.

Store highly reactive liquids in trays large enough

to hold the contents of the bottles.

Store perchloric acid bottles in glass or ceramic

trays.

Store peroxidizable materials away from heat and

light.

Store materials that react vigorously with water

away from possible contact with water.

Store thermally unstable materials in a refrigera-

tor. Use a refrigerator with these safety features:

o all spark-producing controls on the outside,

© a magnetically locked door,

© an alarm to warn when the temperature is too
high, and

© abackup power supply.

Store liquid organic peroxides at the lowest pos-

sible temperature consistent with the solubility

or freezing point. Liquid peroxides are particu-

larly sensitive during phase changes. Follow the

manufacturer’s guidelines for storage of these
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highly hazardous materials. (See Chapter 4, sec-
tion 4.D.)

¢ Inspect and test peroxide-forming chemicals peri-
odically (these should be labeled with an acquisi-
tion or expiration date), and dispose of chemicals
that have exceeded their safe storage lifetime.

¢ Store particularly sensitive materials or larger
amounts of explosive materials in explosion relief
boxes.

* Restrict access to the storage facility.

¢ Assign responsibility for the storage facility and
the above responsibilities to one primary person
and a backup person. Review this responsibility
at least yearly.

5.E.8 Storing Highly Toxic Substances

Take the following precautions when storing carcino-
gens, reproductive toxins, and chemicals with a high
degree of acute toxicity:

¢ Store chemicals known to be highly toxic in venti-
lated storage in unbreakable, chemically resistant
secondary containment.

¢ Keep quantities at a minimum working level.

¢ Label storage areas with appropriate warning
signs, such as

CAUTION! REPRODUCTIVE TOXIN
STORAGE

or

CAUTION! CANCER-SUSPECT AGENT
STORAGE

¢ Limit access to storage areas.

* Maintain an inventory of all highly toxic chemi-
cals. Keep records of acquisition, use, possession,
and disposal. Some localities require that inven-
tories be maintained of all hazardous chemicals in
laboratories.

Note: Facilities covered by the OSHA Laboratory
Standard must use and store carcinogens, reproduc-
tive toxins, and chemicals with a high degree of acute
toxicity in designated areas.

5.F TRANSFER, TRANSPORT, AND
SHIPMENT OF CHEMICALS

U.S. and international regulations apply to the
movement of chemicals, samples, and other research
materials on public roads, by airplane, or by mail or
other carrier. When moving these materials on-site,
anyone personally transporting regulated materials
between adjacent or neighboring buildings within an
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institution should walk. (Secondary containment, such
as a rubber bucket, should always be used for carrying
bottled chemicals.) Organizations located in a larger
campus setting should have guidelines indicating if
special courier or designated vehicles are to be used to
transport regulated materials according to applicable
regulations.

Samples of experimental material to be transferred
outside the laboratory, or that may be handled by indi-
viduals not generally familiar with the type of material
involved, should be labeled as completely as possible.
In addition, hazardous samples sent to individuals at
another institution must be accompanied by appro-
priate labeling and an MSDS, according to OSHA's
Hazard Communication Standard amendments and
OSHA'’s Laboratory Standard hazard identification
provision, including the name, address, and contact
information of the sender and recipient for samples
in transit. When available, the following information
should accompany experimental materials:

e Originator: List the name of the owner or indi-
vidual who first obtained the material. If send-
ing the material to another facility, add contact
information for the person who can provide safe
handling information.

¢ Identification: Include, at least, the laboratory
notebook reference.

* Hazardous components: List primary compo-
nents that are known to be hazardous.

¢ Potential hazards: Indicate all known or potential
hazards.

* Date: Note the date that the material was placed
in the container and labeled.

e Ship to: Indicate the name, location, and tele-
phone number of the person to whom the material
is being transferred.

When transporting or shipping most chemicals, bio-
logical agents, and radioactive materials, even small
amounts or samples preserved in solvents or alcohol,
domestically or internationally, please note that the
DOT or the International Air Transport Association
(IATA) regulations may apply. Before preparing any
packages for shipment, personnel must have docu-
mented evidence that they have complete DOT and
IATA training. DOT controls shipment of chemicals
by a specific set of hazardous materials regulations,
49 CFR Parts 100-199 (updated 2006). These regula-
tions contain detailed instructions on how to identify,
package, mark, label, document, and placard hazard-
ous materials. Shipments not in compliance with the
applicable regulations may not be offered or accepted
for transportation. The regulations on training for safe
transportation of hazardous materials are located in
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49 CFR § 172.700-172.704 (updated Oct. 1, 2006). All
individuals who are preparing hazardous materials for
shipment must communicate with their institution’s
transportation coordinators. Shipment of experimental
materials is also discussed in Chapter 11, sections 11.F.1
and 11.F2.

The use of personal vehicles, company or institu-
tional vehicles (including airplanes), and customer ve-
hicles for transporting regulated materials, which may
be hazardous, is a major concern. In many cases, han-
dling regulated materials in this manner is prohibited
by DOT or will require shipping papers, placarding,
and/or other conditions. Most businesses and academic
institutions forbid the use of privately owned personal
vehicles, because of the serious insurance consequences if
an accident occurs. Most individuals will find that their
personal vehicle insurance does not cover them when they
are transporting hazardous materials.

Shipping chemicals by air is regulated by IATA. An
individual who holds IATA certification must inspect
the packaging, review the paperwork, and sign the
shipping papers. For domestic shipping by ground or
rail, DOT regulations apply and may require a bill of
lading or manifest, placarding, special packaging, and
other conditions.

Be aware that international transfer of chemicals and
research materials is regulated by EPA, the Department
of Commerce, and the U.S. Customs Bureau as imports
and exports. Federal and international laws strictly reg-
ulate domestic and international transport of samples,
specimens, drugs, and genetic elements, as well as re-
search equipment, technologies, and supplies—even if
the material is not hazardous, valuable, or uncommon.
Mail, shipments, and luggage are being screened for
these materials. Packages to or from research institu-
tions receive additional scrutiny, as well as any package
that appears to contain bottles or liquids.

Chapter 8 describes the requirements for shipping
hazardous waste.

5.FE1 Materials of Trade Exemption

DOT has an exception to many requirements for
transportation of hazardous materials, referred to as
the “materials of trade” (MOT) exemption, which ap-
plies to the transportation of small quantities of hazard-
ous materials that are part of your business. Examples
include the following:

e facilities maintenance services (i.e., paints and
paint thinners for painters and gasoline for
groundskeepers),

* researchers (i.e., preservatives for field samples),
and
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¢ educational demonstrations (i.e., chemicals for
public school outreach education programs).

Under this exemption, it is permissible to transport
your own hazardous materials as long as certain
conditions are met. These include proper packaging
according to DOT requirements. The packaging must
be the manufacturer’s original packaging or a package
of equal or greater strength and integrity. The packag-
ing must be marked with a common name or a proper
shipping name from the Hazardous Materials Table.
Other requirements are

¢ Packagings must be leaktight for liquids and
gases, and siftproof for solids.

* Packages must be securely closed, secured against
movement, and protected against damage.

¢ Outer packagings are not required for receptacles
(such as cans or bottles) that are secured against
movement in cages, bins, boxes, or compartments.

* Cylinders and pressure vessels must conform to
DOT’s hazardous materials regulations (49 CFR
Parts 171-180) except that outer packagings are
not required. These cylinders must be marked
with the proper shipping name and identification
number and have a hazard class warning label.

¢ If the package contains a reportable quantity of
a hazardous substance, it must be marked “RQ.”
Reportable quantities are found in Appendix A of
49 CFR § 172.101.

5.F2 Transfer, Transport, and Shipment of
Nanomaterials

This guidance applies to the movement of mate-
rial from a laboratory to and from off-site locations.
Personnel who package and prepare nanomaterials
for shipment off-site must be current on hazardous
material employee training required by 49 CFR Part
172, Subpart H. Consult your institution’s shipping
department for assistance and routing of your mate-
rials. Although the guidelines provided here are for
nanomaterials, the procedures are worth considering
for shipping any material.

Any nanomaterial that meets the definition of a
hazardous material according to 49 CFR § 171.8 and is
classified as a hazardous material in accordance with
49 CFR §§ 173.115-173.141 and 173.403-173.436 must
be packaged and marked, and labeled shipping papers
must be prepared. The package must be shipped in ac-
cordance with 49 CFR Parts 100-185 and all applicable
regulations.

Any nanomaterial shipped by air that meets the
definition of a dangerous good according to the In-
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ternational Civil Aviation Organization (ICAO) must
be packaged, marked, labeled, and shipped with an
accompanying properly prepared dangerous goods
declaration in accordance with the ICAO technical
instructions.

Nanomaterials that are suspected to be hazardous
(e.g., toxic, reactive, flammable) should be classified,
labeled, marked, and manifested as though that haz-
ard exists. These materials should be classified and
shipped as samples according to 49 CFR § 172.101(c)
(11) unless the material is specifically prohibited by sec-
tions 173.21, 173.54, 173.56(d), 173.56(e), 173.224(c), or
173.225(b). These suspect materials should be packaged
in accordance with sections 5.F.2.1 and 5.F.2.2, below.

Nanomaterials that do not meet DOT’s criteria listed
above may pose health and safety risks to personnel
handling the materials if the materials are released dur-
ing transport. Therefore, all shipments of nanomateri-
als, regardless of whether they meet the definition for
hazardous materials, should be consistently packaged
using the equivalent of a DOT-certified packing group
I (PG I) container and labeled as described in section
5.F.2.1, below.

5.E2.1 OffSite Transport and Shipments of

Nanomaterials

This section applies to nanomaterials that are sent to
a laboratory and from a laboratory to off-site locations
and that do not otherwise meet the DOT definition of
hazardous material.

The outer and inner package should meet the defi-
nition of PG I-type package. The innermost container
should be tightly sealed to prevent leakage of nanoma-
terials. It should have a secondary seal, such as a tape
seal, or a wire tie to prevent a removable closure from
inadvertently opening during transport.

The outer package should be filled with shock-
absorbing material that can

¢ protect the inner sample container(s) from dam-
age and

¢ absorb liquids that might leak from the inner
container(s) during normal events in transport.

As depicted in Figure 5.2, the inner package should
be labeled (not to be confused with DOT hazard
labeling).

If the nanomaterial is in the form of dry dispersible
particles, add the following line of text:

Nanomaterials can exhibit unusual reactivity
and toxicity. Avoid breathing dust, ingestion,
and skin contact.
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CAUTION
Nanomaterials Sample
Consisting of [Technical Description Here].
In Case of Container Breakage
Contact: [Point of Contact]

at [Contact’s telephone number].

FIGURE 5.2 Recommended inner packaging label for on-
site transfer of nanomaterials.

Documentation and notifications for off-site transfer
of nanomaterials should include the following:

¢ asigned and complete dangerous goods declara-
tion or shipping papers prepared in accordance
with ICAO and DOT regulations by certified/
qualified hazardous material employees who are
authorized to release materials from the site;

e available descriptions of the material (e.g., MSDSs)
(researchers should prepare a document for the
samples that describes known properties and
other properties that are reasonably likely to be
exhibited by samples); and

* anotification to the receiving facility of the incom-
ing shipment.

All materials should be transported by a qualified
carrier.

¢ Shipments of nanomaterials classified as other
materials (neither recognized HazMat or sus-
pected DOT HazMat) may be transported using
the most expeditious method provided they are
packaged according to the requirements in sec-
tion 5.F.1.

¢ The driver must possess basic hazard information
on the commodity being transported, that is, ma-
terial name, quantity, form, and MSDS if available.

5.F2.2 On-Site Transfer and Transport of
Nanomaterials

The on-site transfer of nanomaterials should follow
the site-specific transportation safety document or
other institutional document (i.e., Chemical Hygiene
Plan); in lieu of such a document, the transfer should
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fully comply with DOT requirements. The site’s trans- * Mark the transfer containers in accordance with
portation authority (e.g., transportation safety officer the recommendations for off-site shipments.
or equivalent) should be the authority having jurisdic- ¢ Include the following documents in the package:
tion over the requirements for packaging, marking, o results of the safety assessment and
and documenting necessary for on-site transfers. For o an MSDS, if available, or a similar form de-
nanomaterials, the following is suggested: tailing possible hazards associated with the
material.
* Assess and record the hazards posed by the * Notify the receiving facility of the incoming
material(s) following a graded approach that shipment.

takes into account the form of the material(s) (e.g.,
free particle versus fixed on substrate).

* Use packaging consistent with the recommen-
dations for off-site shipment or that affords an
equivalent level of safety.
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6.A INTRODUCTION

Prudent execution of experiments requires not only
sound judgment and an accurate assessment of the
risks involved in the laboratory, but also the selection of
appropriate work practices to reduce risk and protect
the health and safety of trained laboratory personnel
as well as the public and the environment. Chapter 4
provides specific guidelines for evaluating the hazards
and assessing the risks associated with laboratory
chemicals, equipment, and operations. Chapter 5 dem-
onstrates how to control those risks when managing
the inventory of chemicals in the laboratory. The use of
the protocols outlined in Chapter 4 in carefully planned
experiments is the subject of this chapter.

This chapter presents general guidelines for labo-
ratory work with hazardous chemicals rather than
specific standard operating procedures for individual
substances. Hundreds of thousands of chemicals are
encountered in the research conducted in laboratories,
and the specific health hazards associated with most
of these compounds are generally not known. Also,
laboratory work frequently generates new substances
that have unknown properties and unknown toxicity.
Consequently, the only prudent course is for laboratory
personnel to conduct their work under conditions that
minimize the risks from both known and unknown
hazardous substances. The general work practices
outlined in this chapter are designed to achieve this
purpose.

Specifically, section 6.C provides guidelines that are
the standard operating procedures where hazardous
chemicals are stored or are in use. In section 6.D, ad-
ditional special procedures for work with highly toxic
substances are presented. How to determine when
these additional procedures are necessary is discussed
in detail in Chapter 4, section 4.C. Section 6.E gives de-
tailed special procedures for work with substances that
pose risks due to biohazards and radioactivity, section
6.F addresses flammability, and section 6.G, reactivity
and explosivity. Special considerations for work with
compressed gases are the subject of section 6.H. Section
6.1 covers microwave ovens, and section 6.] describes
working with nanoparticles.

Chapter 7 provides precautionary methods for
handling laboratory equipment commonly used in
conjunction with hazardous chemicals. Chapters 4,
6, and 7 should all be consulted before working with
hazardous chemicals.

Four fundamental principles underlie all the work
practices discussed in this chapter. Consideration of
each should be encouraged before beginning work as
part of the culture of safety within the laboratory.

* Plan ahead. Determine the potential hazards as-
sociated with an experiment before beginning.
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* Minimize exposure to chemicals. Do not allow
laboratory chemicals to come in contact with skin.
Use laboratory chemical hoods and other ven-
tilation devices to prevent exposure to airborne
substances whenever possible.

¢ Do not underestimate hazards or risks. Assume
that any mixture of chemicals will be more toxic
than its most toxic component. Treat all new
compounds and substances of unknown toxicity
as toxic substances. Consider how the chemicals
will be processed and whether changing states or
forms (e.g., fine particles vs. bulk material) will
change the nature of the hazard.

* Be prepared for accidents. Before beginning an
experiment, know what specific action to take in
the event of accidental release of any hazardous
substance. Post telephone numbers to call in an
emergency or accident in a prominent location.
Know the location of all safety equipment and
the nearest fire alarm and telephone, and know
who to notify in the event of an emergency. Be
prepared to provide basic emergency treatment.
Keep your co-workers informed of your activities
so they can respond appropriately.

Virtually every laboratory experiment generates
some waste, which may include such items as used
disposable labware, filter media and similar materi-
als, aqueous solutions, and hazardous chemicals. (For
more information about disposal of chemical waste,
see Chapter 8.)

6.B PRUDENT PLANNING

Before beginning any laboratory work, determine
the hazards and risks associated with the experiment
or activity and implement the necessary safety pre-
cautions. Ask yourself a hypothetical question before
starting work: “What would happen if . . . ?” Consider
the possible contingencies and make preparations to
take appropriate emergency actions. For example,
what would be the consequences of a loss of electri-
cal power or water pressure? Within each laboratory,
all personnel should know the location of emergency
equipment and how to use it, be familiar with emer-
gency procedures, and know how to obtain help in an
emergency. Laboratories should have a standing op-
erational plan that describes how reactions, chemicals,
and other laboratory processes will be handled in the
case of a natural disaster or in the event that the indi-
vidual responsible for laboratory activities is unavail-
able indefinitely (i.e., in the case of illness or death).
Included in the plan should be emergency procedures
and actions to be taken in the event that laboratory
personnel experience a sudden medical emergency
while performing an experiment.
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Pay attention to the potential safety implications
of subtle changes to experimental procedures. Slight
changes to commonly performed operations often
present unrecognized hazards. Changing solvents,
suppliers, reagent concentration, reaction scale, and
materials of construction may bring unintended
consequences.

Determine the physical and health hazards associ-
ated with chemicals before working with them. This
determination may involve consulting literature refer-
ences, laboratory chemical safety summaries (LCSSs),
material safety data sheets (MSDSs), or other reference
materials (see also Chapter 4, section 4.B) and may
require discussions with the laboratory supervisor,
safety personnel, and industrial hygienists. Check
every step of the waste minimization and removal pro-
cesses against federal, state, and local regulations. Be-
fore producing mixed chemical-radioactive-biological
waste (see Chapter 8, section 8.C.1.3) consult your
institution’s or firm’s environmental health and safety
(EHS) personnel.

Many of the general practices applicable to working
with hazardous chemicals are given elsewhere in this
volume (see Chapter 2). (See Chapter 5, section 5.F for
detailed instructions on the transport of chemicals and
section 5.E on storage; Chapter 7 for information on
use and maintenance of equipment and glassware; and
Chapter 8 for information on disposal of chemicals.)

6.C GENERAL PROCEDURES
FOR WORKING WITH
HAZARDOUS CHEMICALS

6.C.1 Personal Behavior

Demonstrating prudent behavior within the labora-
tory is a critical part of a culture of safety. This includes
following basic safety rules and policies (see Chapter
2, section 2.C.1), being cognizant of the hazards within
the laboratory (see Chapter 4), and exhibiting profes-
sionalism with co-workers. Maintaining an awareness
of the work being performed in nearby hoods and on
neighboring benches and any risks posed by that work
is also important.

6.C.2 Minimizing Exposure to Hazardous
Chemicals

Take precautions to avoid exposure by the principal
routes, that is, contact with skin and eyes, inhalation,
and ingestion (see Chapter 4, section 4.C, for a detailed
discussion).

The preferred methods for reducing chemical expo-
sure are, in order of preference,
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1. substitution of less hazardous materials or pro-
cesses (see Chapter 5, section 5.B, Green Chemistry
for Every Laboratory),

2. engineering controls (Chapter 9),

3. administrative controls (Chapter 2), and

4. personal protective equipment (PPE)

See also the Occupational Safety and Health Admin-
istration’s (OSHA) Safety and Health Management
eTool, Hazard Prevention and Control module avail-
able at www.osha.gov. Before beginning work, review
all proposed laboratory procedures thoroughly to
determine potential health and safety hazards. Refer
to the MSDS for guidance on exposure limits, health
hazards and routes of entry into the body, and chemical
storage, handling, and disposal. Avoid underestimat-
ing risk when handling hazardous materials.

6.C.2.1 Engineering Controls

Engineering controls are measures that eliminate,
isolate, or reduce exposure to chemical or physical
hazards through the use of various devices. Examples
include laboratory chemical hoods and other ventila-
tion systems, shields, barricades, and interlocks. En-
gineering controls must always be considered as the
first and primary line of defense to protect personnel
and property. When possible, PPE is not to be used as a
first line of protection. For instance, a personal respira-
tor should not be used to prevent inhalation of vapors
when a laboratory chemical hood (formerly called
fume hoods) is available. (See Box 6.1 and Chapter
9 for more information about laboratory design and
ventilation.)

6.C.2.2 Avoiding Eye Injury

Eye protection is required for all personnel and
visitors in all locations where laboratory chemicals are
stored or used, whether or not one is actually perform-
ing a chemical operation. Visitor eye protection should
be made available at the entrances to all laboratories.

Researchers should assess the risks associated with
an experiment and use the appropriate level of eye
protection:

* Safety glasses with side shields provide the mini-
mum protection acceptable for regular use. They
must meet the American National Standards Insti-
tute (ANSI) Z87.1-2003 Standard for Occupational
and Educational Eye and Face Protection, which
specifies minimum lens thickness and impact
resistance requirements.

¢ Chemical splash goggles are more appropriate
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BOX 6.1
A Simple Qualitative Method
to Verify Adequate Laboratory
Chemical Hood Ventilation

Materials
200 g (approximately 250 mL) of dry ice pellets (5-
to 10-mm diam)
Shallow bowl, approximately 3-L volume
1 L water at 43 °C (mix hot and cold water as
needed to obtain the target temperature)
Thermometer

Procedure

1. Open the chemical fume hood sash to simulate
actual operation. Position laboratory equipment
as close as possible to where it will be used.

2. Place the shallow bowl approximately 15 cm into
the chemical fume hood and in the center of the
sash opening.

3. Add 1 L of the warm water to the bowl.

4. Add the dry ice pellets to the water.

5. After approximately 5 s, observe the vapor flowing
from the bowl.

6. Repeat the observation while a colleague walks
past or moves around the chemical fume hood to
simulate actual operation.

7. If vapors are observed escaping the chemical fume
hood face, the result is a fail; none escaping is a
pass.

In the event of a failure or if there is any concern about
proper operation, contact appropriate personnel and
take corrective action. Adjustment of the sash open-
ing and the baffles and relocation of equipment in the
chemical fume hood should be considered.

NOTE: In addition, airflow should be measured on an
annual basis.

than regular safety glasses to protect against haz-
ards such as projectiles, as well as when working
with glassware under reduced or elevated pres-
sures (e.g., sealed tube reactions), when handling
potentially explosive compounds (particularly
during distillations), and when using glassware
in high-temperature operations.

® Chemical splash goggles or face shields should be
worn when there is a risk of splashing hazardous
materials or flying particles.

® Because chemical splash goggles offer little pro-
tection to the face and neck, full-face shields
should be worn in addition to safety glasses or
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goggles when conducting particularly hazard-
ous laboratory operations (e.g., working with
glassware under vacuum or handling potentially
explosive compounds). In addition, glassblowing
and the use of laser or ultraviolet light sources
require special glasses or goggles.

¢ Operations at risk of explosion or that present the
possibility of projectiles must have engineering
controls as a first line of protection. For instance,
in addition to chemical splash goggles or full-
face shields, these operations must be conducted
behind blast shields, in rubber-coated or taped
glassware.

Ordinary prescription glasses do not provide ad-
equate protection against injury because they lack side
shields and are not resistant to impact, but prescrip-
tion safety glasses and chemical splash goggles are
available.

Similarly, contact lenses offer no protection against
eye injury and do not substitute for safety glasses and
chemical splash goggles. They should not be worn
where chemical vapors are present or a chemical splash
or chemical dust is possible because contact lenses can
be damaged under these conditions. If, however, an
individual chooses to wear contact lenses in the labo-
ratory, chemical splash goggles must be worn. Note
that there has been a change in recommended guid-
ance regarding the wearing of contact lenses since the
previous edition. Many organizations, including the
National Institute for Occupational Safety and Health
(NIOSH) (HHS/CDC/NIOSH, 2005) and the American
Chemical Society (Ramsey and Breazeale, 1998) have
removed most restrictions on wearing contact lenses
in the laboratory.

6.C.2.3 Avoiding Ingestion of Hazardous
Chemicals

Eating, drinking, smoking, gum chewing, applying
cosmetics, and taking medicine in laboratories where
hazardous chemicals are used or stored should be
strictly prohibited. Food, beverages, cups, and other
drinking and eating utensils should not be stored in ar-
eas where hazardous chemicals are handled or stored.
Glassware used for laboratory operations should never
be used to prepare or consume food or beverages.
Laboratory refrigerators, ice chests, cold rooms, and
ovens should not be used for food storage or prepara-
tion. Laboratory water sources and deionized labora-
tory water should not be used as drinking water. Never
wear gloves or laboratory coats outside the laboratory
or into areas where food is stored and consumed, and
always wash laboratory apparel separately from per-
sonal clothing.
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Laboratory chemicals should never be tasted. A
pipet bulb, aspirator, or mechanical device must be
used to pipet chemicals or to start a siphon. To avoid
accidental ingestion of hazardous chemicals, pipetting
should never be done by mouth. Hands should be
washed with soap and water immediately after work-
ing with any laboratory chemicals, even if gloves have
been worn.

6.C.2.4 Avoiding Inhalation of Hazardous
Chemicals

Only in certain controlled situations should any
laboratory chemical be sniffed.! In general, the prac-
tice is not encouraged. Toxic chemicals or compounds
of unknown toxicity should never be deliberately
sniffed. Conduct all procedures involving volatile toxic
substances and operations involving solid or liquid
toxic substances that may result in the generation of
aerosols in a laboratory chemical hood. Air-purifying
respirators are required for use with some chemicals
if engineering controls cannot control exposure. Sig-
nificant training, along with a medical evaluation and
respirator fit, are necessary for the use of respirators.
For further guidance on the use of respirators with
specific chemicals refer to Chapter 7, section 7.F.2.4 of
this book, the OSHA Respiratory Protection Standard
(29 CFR § 1910.134), and ANSI Standard Z88.2-1992.

Laboratory chemical hoods should not be used for
disposal of hazardous volatile materials by evapora-
tion. Such materials should be treated as chemical
waste and disposed of in appropriate containers ac-
cording to institutional procedures and government
regulations. (See Chapter 8 for information on waste
handling.)

6.C.2.4.1  General Rules for Laboratory Chemical

Hoods

Detailed information regarding laboratory ventila-
tion can be found in Chapter 9. The information here
is intended to provide a brief overview. These general
rules should be followed when using laboratory chemi-
cal hoods:

¢ Before using a laboratory chemical hood, learn
how itoperates. They vary in design and operation.
e For work involving hazardous substances, use
only hoods that have been evaluated for adequate

!In a controlled instructional setting, students may be told to sniff
the contents of a container. In such cases, the chemical being sniffed
should be screened ahead of time to ensure that it is safe to do so. If
instructed to sniff a chemical, gently waft the vapors toward your
nose using a folded sheet of paper. Do not directly inhale the vapors.
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face velocity and proper operation. They should
be inspected regularly and the inspection certifica-
tion displayed in a visible location.

¢ Review the MSDS and the manufacturer’s label
before using a chemical in the laboratory or hood.
Observe the permissible exposure limit, threshold
limit value, the primary routes of exposure, and
any special handling procedures described within
the document. Confirm that the experimental
methods and available engineering controls are
capable of controlling personnel exposure to the
hazardous chemicals being used.

* Keep reactions and hazardous chemicals at least
6 in. (15 cm) behind the plane of the sash, farther
if possible.

* Never put your head inside an operating hood to
check an experiment. The plane of the sash is the
barrier between contaminated and uncontami-
nated air.

* On hoods where sashes open vertically, work
with the sash in the lowest possible position. Where
sashes open horizontally, position one of the doors
to act as a shield in the event of an accident. When
the hood is not in use, the sash should be kept at
the recommended position to maintain laboratory
airflow.

¢ Keep laboratory chemical hoods clean and clear;
do not clutter with bottles or equipment. If there is
a grill along the bottom slot or a baffle in the back,
clean it regularly so it does not become clogged
with papers and dirt. Allow only materials ac-
tively in use to remain in the hood. Following this
rule provides optimal containment and reduces
the risk of extraneous chemicals being involved
in any fire or explosion. Support any equipment
in hoods on racks or feet to provide airflow under
the equipment.

* Do not remove the airfoil, alter the position of
inner baffles, block exterior grills, or make any
other modifications without the approval of the
appropriate staff.

® Report suspected laboratory chemical hood mal-
functions promptly to the appropriate office, and
confirm that the problems are corrected.

¢ If working in a glovebox, check the seals and pres-
sures on the box before use.

Post the name of the individual responsible for the
hood in a visible location. Clean hoods before mainte-
nance personnel work on them.

(See Chapter 9, section 9.C, for more information on
laboratory chemical hoods.)
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6.C.2.5 Avoiding Injection of Hazardous
Chemicals

Solutions of chemicals are often transferred in sy-
ringes, which for many uses are fitted with sharp nee-
dles. The risk of inadvertent injection is significant, and
vigilance is required to avoid an injury. Use special care
when handling solutions of chemicals in syringes with
needles. When accompanied by a cap, syringe needles
should be placed onto syringes with the cap in place
and remain capped until use. Do not recap needles,
especially when they have been in contact with chemi-
cals. Remove the needle and discard it immediately
after use in the appropriate sharps containers. Blunt-tip
needles, including low-cost disposable types, are avail-
able from a number of commercial sources and should
be used unless a sharp needle is specifically required
to puncture rubber septa or for subcutaneous injection.

6.C.2.6 Minimizing Skin Contact

6.C.2.6.1 Gloves

The OSHA Personal Protective Equipment (PPE)
Standard (29 CFR §§ 1910.132-1910.138) requires
completion of a hazards assessment for each work area,
including an evaluation of the hazards involved and
selection of appropriate hand protection. Wear gloves
whenever handling hazardous chemicals, sharp-edged
objects, very hot or very cold materials, toxic chemicals,
and substances of unknown toxicity. No single glove
material provides effective protection for all uses.
Before starting, carefully evaluate the type of protec-
tion required in order to select the appropriate glove.
The discussion presented here is geared toward gloves
that protect against chemical exposure. (For informa-
tion about gloves that protect against other types of
hazards, see Chapter 7, section 7.F.1.4.)

Select gloves carefully to ensure that they are im-
pervious to the chemicals being used and are of cor-
rect thickness to allow reasonable dexterity while also
ensuring adequate barrier protection. Choosing an im-
proper glove can itself be a serious hazard in handling
hazardous chemicals. If chemicals do penetrate glove
material, they could be held in prolonged contact with
the hand and cause more serious damage than in the
absence of a proper glove. The degradation and per-
meation characteristics of the selected glove material
must be appropriate for protection from the hazardous
chemicals that are handled. Double gloves provide a
multiple line of defense and are appropriate for many
situations. Find a glove or combination of gloves that
addresses all the hazards present. For example, opera-
tions involving a chemical hazard and sharp objects
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may require the combined use of a chemical-resistant
(butyl, viton, or neoprene) glove and a cut-resistant
(e.g., leather, Kevlar®) glove. Reusable gloves should
be washed and inspected before and after each use.
Be sure to wash your hands after wearing gloves and
handling laboratory chemicals, to remove any skin
contamination that might have occurred.

Gloves that might be contaminated with toxic ma-
terials should not be removed from the immediate
area (usually a laboratory chemical hood) in which
the chemicals are located. To prevent contamination of
common surfaces that others might touch bare-handed,
never wear gloves when handling common items such
as doorknobs, handles, or switches on shared equip-
ment, or outside the laboratory. Along the same lines,
consider, before touching a surface while wearing
gloves, whether it would be common for people to
touch the surface with or without gloves and use ap-
propriate precautions. For example, controls for hood
nitrogen or water may be located outside the hood
itself but may well be contaminated.

When working with chemicals in the laboratory, wear
gloves of a material known to be resistant to perme-
ation by the substances in use. Glove selection guides
for a wide array of chemicals are available from most
glove manufacturers and vendors. In general, nitrile
gloves are suitable for incidental contact with chemi-
cals. Both nitrile and latex gloves provide minimum
protection from chlorinated solvents and should not
be used with oxidizing or corrosive acids. Latex gloves
protect against biological hazards but offer poor protec-
tion against acids, bases, and most organic solvents. In
addition, latex is considered a sensitizer and triggers
allergic reactions in some individuals. (For more infor-
mation, see section 6.C.2.6.1.1.) Neoprene and rubber
gloves with increased thickness are suggested for use
with most caustic and acidic materials. Barrier creams
and lotions can provide some skin protection but are
never a substitute for gloves, protective clothing, or
other protective equipment. Use these creams only to
supplement the protection offered by PPE.

According to the National Ag Safety Database (www.
nasdonline.org), a program supported by NIOSH and
the Centers for Disease Control and Prevention, materi-
als that are used in the manufacture of gloves designed
to provide chemical resistance include the following;:

¢ Butyl is a synthetic rubber with good resistance
to weathering and a wide variety of chemicals.

¢ Natural rubber latex is a highly flexible and con-
forming material made from a liquid tapped from
rubber plants. It is a known allergen. (See section
6.C.2.6.1.1 for more information.)
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* Neoprene is a synthetic rubber having chemical
and wear-resistance properties superior to those
of natural rubber.

¢ Nitrile is a copolymer available in a wide range of
acrylonitrile content; chemical resistance and stiff-
ness increase with higher acrylonitrile content.

* Polyethylene is a fairly chemical-resistant mate-
rial used as a freestanding film or a fabric coating.

* Poly(vinyl alcohol) is a water-soluble polymer
that exhibits exceptional resistance to many
organic solvents that rapidly permeate most
rubbers.

¢ Poly(vinyl chloride) is a stiff polymer that is made
softer and more suitable for protective clothing
applications by the addition of plasticizers.

* Polyurethane is an abrasion-resistant rubber that
is either coated into fabrics or formed into gloves
or boots.

* 4H® or Silvershield® is a registered trademark
of North Hand Protection; it is highly chemical-
resistant to many different class of chemicals.

e Viton®, a registered trademark of DuPont, is a
highly chemical-resistant but expensive synthetic
elastomer.

When choosing an appropriate glove, consider the
required thickness and length of the gloves as well
as the material. Consult the glove manufacturer for
chemical-specific glove recommendations and in-
formation about degradation and permeation times.
Certain disposable gloves should not be reused. (For
more information, see OSHA PPE Standard, 29 CFR §
1910.138, regarding hand protection.)

The following general guidelines apply to the selec-
tion and use of protective gloves:

¢ Do not use a glove beyond its expiration date.
Gloves degrade over time, even in an unopened
box.

¢ Whennotin use, store gloves in the laboratory but
not close to volatile materials. To prevent chemical
contamination of nonlaboratory areas by people
coming to retrieve them, gloves must not be stored
in offices or in break rooms or lunchrooms.

¢ Inspect gloves for small holes, tears, and signs of
degradation before use.

¢ Replace gloves periodically because they degrade
with use, depending on the frequency of use and
their permeation and degradation characteristics
relative to the substances handled.

* Replace gloves immediately if they become con-
taminated or torn.

* Replace gloves periodically, depending on the
frequency of use. Regular inspection of their ser-
viceability is important. If they cannot be cleaned,
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dispose of contaminated gloves according to insti-
tutional procedures.

* Decontaminate or wash gloves appropriately
before removing them. [Note: Some gloves, e.g.,
leather and poly(vinyl alcohol), are water per-
meable. Unless coated with a protective layer,
poly(vinyl alcohol) gloves will degrade in the
presence of water.]

* Do not wear gloves outside the laboratory, to
avoid contamination of surfaces used by unpro-
tected individuals.

¢ Gloves on a glovebox should be inspected with
the same care as any other gloves used in the
laboratory. Disposable gloves appropriate for
the materials being handled within the glovebox
should be used in addition to the gloves attached
to the box. Protect glovebox gloves by removing
all jewelry prior to use.

6.C.2.6.1.1

Although natural rubber latex gloves can be used
as protective equipment to prevent transmission of
infectious diseases and for skin protection against con-
tact with some chemicals, they can also cause allergic
reactions. In addition to causing skin contact allergic
reactions to individuals wearing the gloves, they can
also cause allergic reactions through inhalation of latex
proteins that may be released into the air when the
powders used to lubricate the interior of the glove are
dispersed as gloves are removed. Thus the risk of ex-
posure via inhalation presents a risk both to the wearer
of latex gloves and to sensitized individuals who may
be working nearby.

Latex exposure symptoms include skin rash, respira-
tory irritation, asthma, and, in rare cases, anaphylactic
shock. The amount of exposure needed to sensitize an
individual to natural rubber latex is not known, but
when exposures are reduced, sensitization decreases.
Individuals with known latex allergies should never
wear latex gloves and may not be able to work in areas
where latex gloves are used. Persons with known latex
allergies should follow their organization’s procedures
to ensure that they are not exposed.

To help minimize the risk of exposure to latex al-
lergens, NIOSH issued an alert, Preventing Allergic
Reactions to Latex in the Workplace (HHS/CDC/NIOSH,
1997). NIOSH recommends the following to reduce
exposure to latex:

Latex Gloves

* Whenever possible, substitute another glove
material.

e If latex gloves are the best choice, use reduced-
protein, powder-free gloves.

¢ Wash hands with mild soap and water after re-
moving latex gloves.
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6.C.2.6.2 Clothing and Protective Apparel

Protective clothing should be used when there
is significant potential for skin-contact exposure to
chemicals. Protective clothing does not offer complete
protection to the wearer and should not be used as
a substitute for engineering controls. The protective
characteristics of any protective clothing must be
matched to the hazard. As with gloves, no single mate-
rial that provides protection to all hazards is available.
When multiple hazards are present, multiple layers
of protective clothing may be required. Some types of
PPE, such as aprons of reduced permeability and dis-
posable laboratory coats, offer additional safeguards
when working with toxic materials. (See also Chapter
7, section 7.E.1.1.)

Commercial lab coats are fabricated from a variety
of materials, such as cotton, polyester, cotton-polyester
blends, polyolefin, and polyaramid. Selection of the
proper material to deal with the particular hazards
present is critical. For example, although cotton is a
good material for laboratory coats, it reacts rapidly
with acids. Plastic or rubber aprons can provide good
protection from corrosive liquids but can be inap-
propriate in the event of a fire. Because plastic aprons
can also accumulate static electricity, they should not
be used around flammable solvents, explosives sensi-
tive to electrostatic discharge, or materials that can be
ignited by static discharge. Because many synthetic
fabrics are flammable and can adhere to the skin, they
increase the severity of a burn and should not be worn
if working with flammable materials or an open flame.
When working with flammable materials or pyrophor-
ics, use laboratory coats made from flame-resistant,
nonpermeable materials (polyaramids). Disposable
garments may be a good option if handling carcino-
genic or other highly hazardous materials. However,
these provide only limited protection from vapor or gas
penetration. Take care to remove disposable garments
without exposing any individual to toxic materials and
dispose of as hazardous waste.

To prevent chemical exposure from spilled materi-
als in the laboratory, wear shoes that cover the entire
foot. Perforated shoes, open-toe and open-heel shoes,
sandals, or clogs should not be permitted. Shoes should
have stable soles that provide traction in slippery or
wet environments to reduce the chance of falling.
Socks should cover the ankles so as to protect against
chemical splashes. High heels should not be worn in
the laboratory.

Once they have been used, laboratory coats and
other protective apparel may become contaminated.
Therefore, they must be stored in the laboratory and
not in offices or common areas. Institutions should pro-
vide a commercial laundry service for laboratory coats
and uniforms; they should not be laundered at home.
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6.C.3 Housekeeping

A definite correlation exists between orderliness and
the level of safety in the laboratory. In addition, a dis-
orderly laboratory can hinder or endanger emergency
response personnel. The following housekeeping rules
should be adhered to:

¢ Never obstruct access to exits and emergency
equipment such as fire extinguishers and safety
showers. Comply with local fire codes for emer-
gency exits, electrical panels, and minimum aisle
width.

e Store coats, bags, and other personal items in the
proper area, not on the benchtops or in the aisles.

* Do not use floors, stairways, and hallways as stor-
age areas. Items stored in these areas can become
hazards in the event of an emergency.

* Keep drawers and cabinets closed when not in
use, to avoid accidents.

* Properly label (see Chapter 4, section 4.B.5) in per-
manent marker and store (see Chapter 5, section
5.E) all chemicals appropriately by compatibility.

e Label transfer vessels? with the full chemical
name, manufacturer’s name, hazard class, and
any other special warnings.

¢ Store chemical containers in order and neatly.
Face labels outward for easy viewing. Contain-
ers themselves should be clean and free of dust.
Containers and labels that have begun to degrade
should be replaced, repackaged, or disposed of
in the proper location. Do not store materials or
chemicals on the floor because these may present
trip and spill hazards.

¢ Keep chemical containers closed when not in use.

® Secure all compressed gas cylinders to walls or
benches in accordance with the guidance pro-
vided in Chapter 5, section 5.E.6.

® Secure all water, gas, air, and electrical connec-
tions in a safe manner.

¢ Return all equipment and laboratory chemicals to
their designated storage location at the end of
the day.

¢ To reduce the chance of accidentally knocking
containers to the floor, keep bottles, beakers,
flasks, and the like at least 2 in. from the edge of
benchtops.

¢ Keep work areas clean (including floors) and un-
cluttered. Wipe up all liquid and ice on the floor
promptly. Accumulated dust, chromatography
adsorbents, and other chemicals pose respira-

’Transfer vessels may also be known as “secondary containers.”
The term “transfer vessel” is used here to avoid confusion with sec-
ondary containment, which is a tray, bucket, or other container used
to control spills from a primary container in the event of breakage.
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tory hazards. To avoid formation of aerosols, dry
sweeping should not be used in the laboratory.
Remove broken glass, spilled chemicals, and pa-
per litter from benchtops and laboratory chemical
hoods.

¢ To avoid flooding, do not block the sink drains.
Place rubber matting in the bottom of the sinks
to prevent breakage of glassware and to avoid
injuries.

* Do not pile up dirty glassware in the laboratory.
Wash glassware carefully. Remember that dirty
water can mask glassware fragments. Handle
and store laboratory glassware with care. Discard
cracked or chipped glassware promptly.

¢ Dispose of all waste chemicals properly and in
accordance with organizational policies.

¢ Dispose of broken glass and in a specially labeled
container for broken glass. Treat broken glassware
contaminated with a hazardous substance as a
hazardous substance.

¢ Dispose of sharps (e.g., needles and razor blades)
in a specially labeled container for sharps. Treat
sharps contaminated with a hazardous substance
as hazardous substances.

Formal housekeeping and laboratory inspections
should be conducted on a regular basis by the Chemical
Hygiene Officer or a designee.

6.C.4 Transport of Chemicals

For more detailed information about transfer and
transport of chemicals, see Chapter 5, section 5.F.

When transporting chemicals outside the labora-
tory or between stockrooms and laboratories, use only
break-resistant secondary containment. Commercially
available secondary containment is made of rubber,
metal, or plastic, with carrying handle(s), and is large
enough to hold the contents of the chemical containers
in the event of breakage. Resealable plastic bags serve
as adequate secondary containment for small samples.

When transporting cylinders of compressed gases,
the cylinder must always be strapped in a cylinder cart
and the valve protected with a cover cap. When cylin-
ders must be transported between floors, passengers
should not be in the elevator.

6.C.5 Storage of Chemicals

Avoid the accumulation of excess chemicals by
acquiring the minimum quantities necessary for each
procedure or research project. Properly label all chemi-
cal containers. Indicate any special hazards on the
label. For certain classes of compounds (e.g., ethers
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as peroxide formers), write the date the container was
opened on the label. For peroxide formers, write the
test history and date of discard on the label as well.

Keep only small quantities (<1 L) of flammable
liquids at workbenches. Larger quantities should be
stored in approved storage cabinets. Store large con-
tainers (>1 L) below eye level on low shelves. Unless
additional protection and secondary containment are
provided, never store hazardous chemicals and waste
on the floor. Be aware that fire codes dictate the total
volume of flammable liquids, liquefied gases, and
flammable compressed gases in a given work area. Ask
your institution’s EHS expert for the fire code’s maxi-
mum flammable liquid and gas load for your labora-
tory, and ensure that your laboratory is in compliance
with this code.

Refrigerators used for storage of significant quanti-
ties of flammable chemicals must be explosion-proof
laboratory-safe units. Explosion-proof refrigerators
are sold for this purpose and are labeled and hard-
wire installed. Such a refrigerator is mandatory for a
renovated or new laboratory where flammable mate-
rials need refrigeration. Because of the expense of an
explosion-proof refrigerator, a modified sparkproof re-
frigerator is sometimes found in older laboratories and
laboratories using very small amounts of flammable
materials. However, a modified sparkproof refrigera-
tor cannot meet the standards of an explosion-proof
refrigerator. Where they exist, a plan to phase out the
sparkproof refrigerator is recommended.

Materials placed in refrigerators should be clearly
labeled with water-resistant labels. Storage trays or
secondary containment should be used to minimize the
distribution of material in the event a container should
leak or break. Retaining the shipping can for secondary
containment is good practice. Regularly inspect storage
trays, shipping cans, and secondary containment for
primary container leaks and degradation. Laboratory
refrigerators should have permanent labels warning
against the storage of food and beverages for human
consumption.

All chemicals should be stored with attention to
incompatibilities so that if containers break in an acci-
dent, reactive materials do not mix and react violently.

(See Chapter 5, section 5.E, and Chapter 8, section
8.C.1.2, for more information.)

6.C.6 Use and Maintenance of Equipment
and Glassware

Good equipment maintenance is essential for safe
and efficient operations. Laboratory equipment should
be regularly inspected, maintained, and serviced on
schedules that are based on the manufacturer’s recom-

Copyright © National Academy of Sciences. All rights reserved.



WORKING WITH CHEMICALS

mendations, as well as the likelihood and hazards of
equipment failure. Maintenance plans should ensure
that any lockout procedures cannot be violated.

Carefully handle and store glassware to avoid dam-
age. Discard or repair chipped or cracked items. Handle
vacuum-jacketed glassware with extreme care to pre-
vent implosions. Evacuated equipment such as Dewar
flasks or vacuum desiccators should be taped, shielded,
or coated. Only glassware designed for vacuum work
should be used for that purpose.

Use tongs, a tweezer, or puncture-proof hand protec-
tion when picking up broken glass. Small pieces should
be swept up with a brush into a dustpan. Glassblowing
operations should not be attempted unless an area has
been made safe for both fabrication and annealing.
Protect your hands and body when performing forceful
operations involving glassware. For instance, leather
or Kevlar® gloves should be used when placing rubber
tubing on glass hose connections. Cuts from forcing
glass tubing into stoppers or plastic tubing are a com-
mon laboratory accident and are often serious. (See
Vignette 6.1.) Constructing adaptors from glass tubing
and rubber or cork stoppers is obsolete; instead, use
fabricated, commercial adaptors made from plastic,
metal, or other materials.

(See Chapter 7 for more discussion.)

6.C.7 Working with Scaled-Up Reactions

Special care and planning is necessary to ensure safe
scaled-up work. Scale-up of reactions from those pro-
ducing a few milligrams or grams to those producing
more than 100 g of a product may magnify risks by
several orders. Although the procedures and controls
for large-scale laboratory reactions may be the same as
those for smaller-scale procedures, significant differ-
ences may exist in heat transfer, stirring effects, times

VIGNETTE 6.1
Finger laceration from
broken tubing connector

A technician planned to replace the rubber
vacuum tubing leading from a vacuum pump to
a glass cold trap. While attempting to remove the
old rubber tubing from the trap, the glass nipple
broke and the broken glass cut the employee’s
thumb. The technician did not don protective
gloves or attempt to precut the rubber tubing
to ease removal. The employee received three
sutures.
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VIGNETTE 6.2
Runaway reaction
during scale-up

A researcher scaled up the cycloaddition reac-
tion of maleic anhydride with quadricyclane, a
strained high-energy hydrocarbon. This reaction
is reported in the literature and was also previ-
ously performed in the researcher’s laboratory
without incident, albeit at small scale (<10 g). No
solvent is used in the procedure. The researcher
combined the reagents (approximately 250 g to-
tal, a 20-fold scale-up) and began heating to the
60-70 °C target temperature. On reaching 50-60
°C the internal temperature rose very rapidly to
more than 220 °C. The subsequent rapid boiling
of the reagents dislodged the reflux condenser
and expelled some liquid and solid into the
chemical fume hood. There was no fire. The ma-
terials were fully contained within the chemical
fume hood, with no injuries, personnel exposure,
or equipment damage.

The likelihood of runaway exothermic reac-
tions must be considered whenever conducting
a reaction on a larger scale than previous experi-
ence. In the present example this possibility was
increased by the use of ultrapure reagents and the
lack of solvent. When using high-energy reagents,
it is preferable to run them as dilute as possible
in a solvent. This practice significantly lowers the
energy density and significantly adds to the ther-
mal mass, which help to decrease the chance of a
runaway reaction. Slow addition of one reagent
also limits the effects of an exothermic reaction.

for dissolution, and the effects of concentration—all of
which need to be considered. (See Vignette 6.2.) When
planning large-scale work, practice requires consulting
with experienced workers and considering all possible
risks.

Although one cannot always predict whether a
scaled-up reaction has increased risk, hazards should
be evaluated if the following conditions exist:

¢ The starting material and intermediates contain
functional groups that have a history of being
explosive (e.g.,, N—N, N—O, N—halogen, O—O,
and O—halogen bonds) or that could explode to
give a large increase in pressure.

* A reactant or product is unstable near the reac-
tion or workup temperature. A preliminary test
to determine the temperature and mode of de-
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composition consists of heating a small sample in
a melting-point tube.

¢ Areactant is capable of self-polymerization.

* Areaction is delayed; that is, an induction period
is required.

* Gaseous byproducts are formed.

* Areaction is exothermic. What can be done to pro-
vide, or regain, control of the reaction if it begins
to run away?

¢ Areaction requires a long reflux period. What will
happen if solvent is lost owing to poor condenser
cooling?

* A reaction requires temperatures less than 0 °C.
What will happen if the reaction warms to room
temperature?

* A reaction involves stirring a mixture of solid
and liquid reagents. Will magnetic stirring be suf-
ficient at large scale or will overhead mechanical
stirring be required? What will happen if stirring
efficiency is not maintained at large scale?

In addition, thermal phenomena that produce sig-
nificant effects on a larger scale may not have been
detected in smaller-scale reactions and therefore could
be less obvious than toxic or environmental hazards.
Thermal analytical techniques should be used to deter-
mine whether any process modifications are necessary.

Consider scaling up the process in multiple small
steps, evaluating the above issues at each step. Be
sure to review the literature and other sources to fully
understand the reactive properties of the reactants
and solvents, which may not have been evident at a
smaller scale.

(See sections 6.D.1 and 6.G.1 and Chapter 5, section
5.B, for more information.)

6.C.8 Responsibility for Unattended
Experiments and Working Alone

It is prudent practice to avoid working alone at the
bench in a laboratory building. Individuals working
in separate laboratories outside normal working hours
should make arrangements to check on each other
periodically, or ask security guards to check on them.
Experiments known to be hazardous should not be
undertaken by a person who is alone in a laboratory.
Under unusually hazardous conditions, special rules,
precautions, and alert systems may be necessary. (See
also Chapter 2, section 2.C.2.)

Laboratory operations involving hazardous sub-
stances are sometimes carried out continuously or
overnight with no one present. Although unattended
operations should be avoided when possible, per-
sonnel are responsible for designing experiments to
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prevent the release of hazardous substances if utility
services such as electricity, cooling water, and flow of
inert gas are interrupted.

For unattended operations, laboratory lights should
be left on, and signs should be posted identifying the
nature of the experiment and the hazardous substances
in use. If appropriate, arrangements should be made
for other workers to periodically inspect the opera-
tion. Information should be posted indicating how to
contact the responsible individual in the event of an
emergency.

(See also Chapter 4, section 4.A.)

6.C.9 Chemistry Demonstrations and
Magic Shows

All planned demonstrations and chemistry magic
shows that will be performed by chemistry person-
nel that are not a part of normal laboratory activities
should be preapproved and authorized by the orga-
nization and should follow all institutional policies.
Activity organizers should obtain safety advice from
experts as necessary. Experienced chemists who are
interested in participating in such activities and want to
use the organization’s chemicals and apparatus should
submit an activity plan in advance of the event. This
plan should include

location of the demonstration,

date of the event,

age of the intended audience,

number of persons who will attend the event,
degree of audience participation,
demonstrations that will be performed,

list of chemicals that will be transported to the
demonstration site, and

¢ PPE that will be worn and by whom.

All chemicals must be transported in accordance
with U.S. Department of Transportation regulations,
if applicable, and must be handled in a prudent man-
ner, packaged appropriately, labeled properly, and
transported back to the institution for disposal via the
institution’s chemical waste disposal system. Under
no circumstances should any chemicals be left at the
demonstration site or disposed of there. Prior to the
planned event, organizers should ensure that, if an
accident involving chemicals occurs in their personal
vehicles, they will be covered under their private insur-
ance policies.

[For more information about safety when performing
chemistry demonstrations, see the American Chemical
Society’s NCW and Community Activity SAFETY
GUIDELINES (available at http://portal.acs.org/).]
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6.C.10 Responding to Accidents and
Emergencies

6.C.10.1 General Preparation for Emergencies

Every laboratory should have a written emergency
response plan that addresses injuries, spills, fires, ac-
cidents, and other possible emergencies and includes
procedures for communication and response. All
laboratory personnel should know what to do in an
emergency. Laboratory work should not be undertaken
without knowledge of the following points:

* how to report a fire, injury, chemical spill, or
other emergency and how to summon emergency
response;

* the location of emergency equipment such as
safety showers and eyewash units;

¢ the location of fire extinguishers and spill control
equipment;

¢ the locations of all available exits for evacuation
from the laboratory; and

¢ how police, fire, and other emergency personnel
respond to laboratory emergencies, and the role
of laboratory personnel in emergency response.

The above information should be available in de-
scriptions of laboratory emergency procedures and in
the institution’s Chemical Hygiene Plan. Laboratory
supervisors should ensure that all trained laboratory
personnel are familiar with this information.

Trained laboratory personnel should know their
level of expertise with respect to using fire extinguish-
ers and emergency equipment, dealing with chemical
spills, and handling injuries. They should not take
actions outside the limits of their expertise but instead
should rely on trained emergency personnel. A U.S.
Environmental Protection Agency (EPA) regulation,
Hazardous Waste Operations and Emergency Re-
sponse (HAZWOPER), 29 CFR § 1910.120, specifies the
training required for various response actions.

Names and contact information for individuals re-
sponsible for laboratory operations should be posted
on the laboratory door.

6.C.10.2 Handling the Accidental Release of
Hazardous Substances

Experiments should always be designed to minimize
the possibility of an accidental release of hazardous
substances. Laboratory personnel should use the
minimum amount of hazardous material possible and
perform the experiment so that, as much as possible,
any spill is contained.
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In the event of an incidental, laboratory-scale spill,
follow these general guidelines, in order:

1. Tend to any injured or contaminated person-
nel and, if necessary, request help (see section
6.C.10.4).

2. If necessary, evacuate the area (see section

6.C.10.3).

Notify other laboratory personnel of the accident.

4. Take steps to confine and limit the spill if this can
be done without risk of injury or contamination
(see section 6.C.10.5).

5. Clean up the spill using appropriate procedures,
if this can be done without risk of injury and
is allowed by institutional policy. (see section
6.C.10.6).

6. Dispose of contaminated materials properly, ac-
cording to the procedures described in Chapter
8, section 8.B.6.

@

(See Chapter 7, section 7.G for more information on
emergency procedures.)

6.C.10.3 Notification of Personnel in the Area

Other nearby laboratory personnel should be alerted
to the accident and the nature of the chemicals in-
volved. If a highly toxic gas or volatile material is
released, the laboratory should be evacuated and
personnel posted at entrances to prevent others from
inadvertently entering the contaminated area. In some
cases (e.g., incidents involving the release of highly
toxic substances and spills occurring in nonlaboratory
areas), it may be appropriate to activate a fire alarm
to alert personnel to evacuate the entire building. The
proper emergency responders should be called. Follow
your institution’s policies for such situations.

6.C.10.4 Treatment of Injured and Contaminated
Personnel

If an individual is injured or contaminated with a
hazardous substance, tending to him or her gener-
ally takes priority over implementing the spill control
measures outlined in section 6.C.10.5. Obtain medical
attention for the individual as soon as possible by
calling emergency personnel. Provide a copy of the
appropriate MSDS to the emergency responders or
attending physician, as needed. If you cannot assess
the conditions of the environment well enough to be
sure of your own safety, do not enter the area. Call
emergency personnel and describe the situation as
best you can.

Every laboratory should develop specific procedures
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for the highest-risk materials used in their laboratory.
To identify these materials, consider past accidents,
chemicals used in large volumes, and particularly haz-
ardous chemicals. For example, laboratories in which
hydrofluoric acid (HF) is used should establish special
procedures for accidental exposures, and laboratory
personnel should be trained in these emergency proce-
dures. When specific procedures have not been estab-
lished, the following steps provide general guidance.
For spills covering small areas of skin:

1.

Immediately flush with flowing water for no less
than 15 minutes; remove any jewelry or clothing
as necessary to facilitate clearing of any residual
materials.

If there is no visible burn, wash with warm water
and soap.

Check the MSDS to determine if special proce-
dures are needed or if any delayed effects should
be expected.

Seek medical attention for even minor chemical
burns.

Do not use creams, lotions, or salves, unless spe-
cifically called for.

For spills on clothes:

1.

N

The emergency responder should wear appropri-
ate PPE during emergency treatment to avoid
exposure.

Do not attempt to wipe the clothes.

To avoid contamination of the victim’s eyes, do
not remove the victim’s eye protection before
emergency treatment.

Quickly remove all contaminated clothing,
shoes, and jewelry while using the safety shower.
Seconds count; do not waste time or limit the
showered body areas because of modesty. Take
care not to spread the chemical on the skin or,
especially, in the eyes.

Cut off garments such as pullover shirts or
sweaters to prevent spreading the contamina-
tion, especially to the eyes.

Immediately flood the affected body area with
water for at least 15 minutes. Resume if pain
returns.

Get medical attention as soon as possible. The
affected person should be escorted and should
not travel alone. Send a copy of the MSDS with
the victim. If the institution’s MSDS is digital,
hardcopies of the relevant information should
be provided to responders. If the MSDS is not
immediately available, it is vitally important
that the person in charge convey the name of
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the chemical involved to the responders. The
responders can then arrange for an MSDS to be
available at the hospital, if necessary.
Discard contaminated clothes or have them laun-
dered separately from other clothing.

For splashes into the eye:

1.

Immediately flush with tepid potable water from
a gently flowing source for at least 15 minutes.
Use an eyewash unit if one is available. If not,
place the injured person on his or her back and
pour water gently into the eyes for at least 15
minutes.

Hold the individual’s eyelids away from the
eyeball, and instruct him or her to move the eye
up and down and sideways to wash thoroughly
behind the eyelids.

Follow first aid by prompt treatment by medi-
cal personnel or an ophthalmologist who is
acquainted with chemical injuries.

Send a copy of the MSDS with the victim. If
the institution’s MSDS is digital, hardcopies of
the relevant information should be provided
to responders. If the MSDS is not immediately
available, it is vitally important that the person in
charge convey the name of the chemical involved
to the responders. The responders can then ar-
range for an MSDS to be available at the hospital,
if necessary.

For cuts:

1.

WARNING: Always wear gloves as a precaution
when there is risk of contact with blood or other
potentially infectious fluids to prevent the trans-
mission of bloodborne pathogens. (See OSHA 29
CFR § 1910.1030 for more information.)

If the injured person has experienced a minor
cut, flush the wound with tepid running water
to remove any possible chemical contaminants.
If there is a cut on a gloved hand, remove the
glove after thoroughly washing the affected area
to avoid contamination of the cut with chemicals.
Apply a bandage and advise the victim to report
any signs of infection to a physician. If there is
a possibility that the wound is contaminated by
broken glass or chemicals, the victim should seek
immediate medical attention.

If the injured person has experienced a serious in-
jury (if sutures will be necessary), call emergency
personnel (911) and apply sterile gauze pads to
the wound. If necessary, apply direct pressure to
the wound to stop the bleeding.
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Apply additional pads if blood soaks through
the first sterile pad. If bleeding continues, en-
courage the victim to lie down and elevate the
wound area to a position above the heart. If you
are unable to stop the bleeding, remain calm and
carefully explain the situation to the emergency
dispatcher (911). The dispatcher will advise you
on further action.

Send a copy of the MSDS with the victim. If
the institution’s MSDS is digital, hardcopies of
the relevant information should be provided
to responders. If the MSDS is not immediately
available, it is vitally important that the person in
charge convey the name of the chemical involved
to the responders. The responders can then ar-
range for an MSDS to be available at the hospital,
if necessary.

For ingestion:

—_

Call emergency personnel (911).

Do not encourage vomiting except under the
advice of a physician. Call the Poison Control
Center (800-222-1222) immediately and consult
the MSDS for the appropriate action.

Save all chemical containers and a small amount
of vomitus, if possible, for analysis.

Stay with the victim until emergency medical
assistance arrives.

Send a copy of the MSDS with the victim. If
the institution’s MSDS is digital, hardcopies of
the relevant information should be provided
to responders. If the MSDS is not immediately
available, it is vitally important that the person in
charge convey the name of the chemical involved
to the responders. The responders can then ar-
range for an MSDS to be available at the hospital,
if necessary.

If the victim is unconscious:

—_

Call emergency personnel (911).

If it is safe for you to enter the area, place the
victim on his or her back and cover with a blan-
ket. Do not attempt to remove the victim from the
area unless there is immediate danger.

Clear the area of any chemical spill or broken
glassware.

If the victim begins to vomit, turn the head so
that the stomach contents are not aspirated into
the lungs.

Stay with the victim until emergency medical
assistance arrives.

If the incident involves a chemical exposure, send
a copy of the MSDS with the victim. If the institu-
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tion’s MSDS is digital, hardcopies of the relevant
information should be provided to responders.
If the MSDS is not immediately available, it is
vitally important that the person in charge con-
vey the name of the chemical involved to the re-
sponders. The responders can then arrange for an
MSDS to be available at the hospital, if necessary.

For convulsions:

—_

Call emergency personnel (911).

If it is safe for you to enter the area, remove
anything that might cause harm to the victim.
Clear the area of any chemical spills or broken
glassware.

If the victim begins to vomit, turn the head so
that the stomach contents are not aspirated into
the lungs.

Try to protect the victim from further danger
with as little interference as possible. Do not at-
tempt to restrain the victim.

Stay with the victim until emergency medical
assistance arrives.

If the incident involves a chemical exposure, send
a copy of the MSDS with the victim.

For burns from heat:

—_

4.

Call emergency personnel (911).

For first-degree burns, flush with copious
amounts of tepid running water. Apply a moist
dressing and bandage loosely.

For second-degree (with open blisters) and third-
degree burns, do not flush with water. Apply a
dry dressing and bandage loosely. Immediately
seek medical attention.

Do not apply ointments or ice to the wound.

For cold burns:

N =

Call emergency personnel (911).

Do not apply heat.

If it is not in the area involved, loosen any cloth-
ing that may restrict circulation.

Cryogenic liquids produce tissue damage similar
to that associated with thermal burns and cause
severe deep freezing with extensive destruction
of tissue.

Flush affected areas with large volumes of tepid
water (41-46 °C [105-115 °F]) to reduce freezing.
Cover the affected area with a sterile protective
dressing or with clean sheets if the area is large,
and protect the area from further injury.

Seek medical attention.
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6.C.10.5 Spill Containment

All personnel who work in a laboratory in which
hazardous substances are used should be familiar with
their institution’s policy regarding spill control. For
non-emergency? spills, spill control kits may be avail-
able that are tailored to the potential risk associated
with the materials being used in the laboratory. These
kits are used to confine and limit the spill if such actions
can be taken without risk of injury or contamination.
An individual should be assigned to maintain the kit.
Store spill kits near areas where spills may occur. Typi-
cal spill control kits include these items:

e spill control pillows, which are commercially
available and generally can be used for absorbing
solvents, acids, and caustic alkalis, but not HF;

e inert absorbents such as vermiculite, clay, sand,
kitty litter, and Oil Dri, but not paper because it
is not an inert material and should not be used to
clean up oxidizing agents such as nitric acid;

¢ neutralizing agents for acid spills such as sodium
carbonate and sodium bicarbonate;

* neutralizing agents for alkali spills such as so-
dium bisulfate and citric acid;

e large plastic scoops and other equipment such as
brooms, pails, bags, and dustpans; and

¢ appropriate PPE, warnings, barricade tapes, and
protection against slips or falls on the wet floor
during and after cleanup.

In an emergency,* follow institutional guidelines
regarding spill containment.

6.C.10.6 Spill Cleanup

Specific procedures for cleaning up spills vary de-
pending on the location of the accident, the amount
and physical properties of the spilled material, the de-
gree and type of toxicity, and the training of the person-
nel involved. Any cleanup should be performed while
wearing appropriate PPE and in line with institutional
guidance. General guidelines for handling several
common incidental, non-emergency spills follow:

* Materials of low flammability that are not vola-
tile or that have low toxicity. This category of haz-
ardous substances includes inorganic acids (e.g.,
sulfuric and nitric acid) and caustic bases (e.g., so-

3A non-emergency response is appropriate in the case of an inci-
dental release of hazardous substances where the substance can be
absorbed, neutralized, or otherwise controlled at the time of release
by personnel in the immediate area or by maintenance personnel.

“An emergency is a situation that poses an immediate threat to per-
sonal safety and health, the environment, or property that cannot be
controlled and corrected safely and easily by individuals at the scene.
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dium and potassium hydroxide). For cleanup, ap-
propriate PPE, including gloves, chemical splash
goggles, and (if necessary) shoe coverings, should
be worn. Absorption of the spilled material with
an inert absorbent and appropriate disposal are
recommended. The spilled chemicals can be neu-
tralized with materials such as sodium bisulfate
(for alkalis) and sodium carbonate or bicarbonate
(for acids), absorbed on Floor-Dri or vermiculite,
scooped up, and disposed of according to the
procedures detailed in Chapter 8, section 8.B.6.

¢ Flammable solvents. Fast action is crucial when
a flammable solvent of relatively low toxicity is
spilled. This category includes acetone, petroleum
ether, pentane, hexane, diethyl ether, dimethoxy-
ethane, and tetrahydrofuran. Other personnel in
the laboratory should be alerted, all flames ex-
tinguished, and any spark-producing equipment
turned off. In some cases the power to the labora-
tory should be shut off with the circuit breaker,
but the ventilation system should be kept running.
The spilled solvent should be soaked up with spill
absorbent or spill pillows as quickly as possible.
If this cannot be done quickly, evacuation should
occur, and emergency personnel (911) should be
called. Used absorbent and pillows should be
sealed in containers and disposed of properly.
Nonsparking tools should be used in cleanup.

¢ Highly toxic substances. The cleanup of highly
toxic substances should not be attempted alone.
Emergency responders should be notified, and the
appropriate EHS expert should be contacted to ob-
tain assistance in evaluating the hazards involved.
These professionals will know how to clean up the
material and may perform the operation.

* Debris management. Debris from the cleanup
should be handled as hazardous waste if the
spilled material falls into that category.

6.C.10.7 Handling Leaking Gas Cylinders

Leaking gas cylinders constitute serious hazards
that may require an immediate evacuation of the area
and a call to emergency responders. If a leak occurs,
do not apply extreme tension to close a stuck valve.
Wear appropriate PPE, which usually includes a self-
contained breathing apparatus or an air-line respirator,
when entering the area with the leak. (See also section
6.D.6.) The following guidelines cover leaks of various
types of gases:

e Flammable, inert, or oxidizing gases. If safe to
do so, move the cylinder to an isolated area, away
from combustible material if the gas is flammable
or an oxidizing agent. Post signs that describe
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the hazards and state warnings. Take care when
moving leaking cylinders of flammable gases so
that accidental ignition does not occur. If fea-
sible, move the leaking cylinder into a laboratory
chemical hood until it is exhausted.

¢ Corrosive gases. Corrosive gases may increase
the size of the leak as they are released, and some
corrosives are also oxidants, flammable, or toxic.
Move the cylinder to an isolated well-ventilated
area, and, if possible, use suitable means to direct
the gas into an appropriate chemical neutralizer.
If there is apt to be a reaction with the neutral-
izer that could lead to a suck-back into the valve
(e.g., aqueous acid into an ammonia tank), place
a trap in the line before starting neutralization.
Post signs that describe the hazards and state
warnings.

¢ Toxic gases. The same procedure should be fol-
lowed for toxic gases as for corrosive gases. Be
sure to warn others of exposure risks. Move the
cylinder to an isolated well-ventilated area. Direct
the gas into an appropriate chemical neutralizer.
Post signs that describe the hazards and state
warnings.

Contact the supplier for specific information and
guidance.

6.C.10.8 Handling Spills of Elemental Mercury

When spilled in a laboratory, mercury can become
trapped beneath floor tiles, under cabinets, and even
between walls. Even at very low levels, chronic mer-
cury exposure can be a serious risk, especially in older
laboratory facilities, where multiple historic spills
may have occurred. Government and standard-setting
organizations have established cleanup standards for
laboratory spills. These stringent standards ensure the
safety of trained laboratory personnel, students, and
future occupants of the space.

A portable atomic absorption spectrophotometer
with a sensitivity of at least 2 ng/m3 or other suitable
instruments are used to find mercury residues and
reservoirs that result from laboratory spills, and for the
final clearance survey. Follow institutional procedures
in cleaning up spills. General guidelines for handling
incidental, non-emergency elemental mercury spills
are as follows:

¢ First, isolate the spill area. Keep people from walk-
ing through and spreading the contamination.

* Wear protective gloves, booties, and a Tyvek®
suit when necessary, while performing cleanup
activities.

¢ Collect the droplets on wet toweling, which con-
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solidates the small droplets to larger pieces, or
with a piece of adhesive tape. Do not use sulfur;
the practice is ineffective and the resulting waste
creates a disposal problem.

¢ Consolidate large droplets by using a scraper or a
piece of cardboard.

¢ Use commercial mercury spill cleanup sponges
and spill control kits.

® Use specially designed mercury vacuum cleaners
that have special collection traps and filters to pre-
vent the emission of mercury vapors. A standard
vacuum cleaner should never be used to pick up
mercury.

* Waste mercury should be treated as a hazardous
waste. Place it in a thick-walled high-density
polyethylene bottle and transfer it to a central
depository for reclamation.

* Decontaminate the exposed work surfaces and
floors by using an appropriate decontamination
kit.

* Verify decontamination to the current standards
by using a portable atomic absorption spectropho-
tometer or other suitable instrument as described
above.

Prevent mercury spills by using supplies and equip-
ment that do not contain mercury. (For information
about reducing the use of mercury in laboratories, see
Chapter 5, section 5.B.8.)

6.C.10.9 Responding to Fires

Fires are one of the most common types of labora-
tory accidents. All personnel should be familiar with
the general guidelines below to prevent and minimize
injury and damage from fires. Hands-on experience
with common types of extinguishers and the proper
choice of extinguisher should be part of basic labora-
tory training. (See also Chapter 7, section 7.F.2.)

Be prepared to respond to a fire:

* Preparation is essential! Make sure all laboratory
personnel know the locations of all fire extin-
guishers in the laboratory, what types of fires
they can be used for, and how to operate them
correctly. Also ensure that they know the location
of the nearest fire-alarm pull station, telephone,
emergency contact list, safety showers, and emer-
gency blankets.

* In case of fire, immediately notify emergency
response personnel by activating the nearest fire
alarm. After initial containment, it is also impor-
tant to report all fires to appropriate personnel for
possible follow-up action.

¢ Even though a small fire that has just started can
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sometimes be extinguished with a laboratory fire
extinguisher, attempt to put out such fires only if
you are trained to use that type of extinguisher,
confident that you can do it successfully and
quickly, and from a position in which you are al-
ways between the fire and an exit to avoid being
trapped. Do not attempt to extinguish fires of any
size if the institution’s policy prohibits this. A fire
can spread and surround you in seconds. Toxic
gases and smoke present additional hazards.
When in doubt, evacuate immediately instead of
attempting to extinguish the fire. Only attempt
to extinguish fires of any size if the institution’s
policy allows.

¢ Put out fires in small vessels by covering the ves-
sel loosely. Never pick up a flask or container of
burning material.

¢ Extinguish small fires involving reactive metals
and organometallic compounds (e.g., magne-
sium, sodium, potassium, and metal hydrides)
with Met-L-X or Met-L-Kyl extinguishers or by
covering with dry sand. Apply additional fire sup-
pression techniques if solvents or combustibles
become involved. Because these fires are very dif-
ficult to extinguish, sound the fire alarms before
you attempt to put out the fire.

¢ In the event of a more serious fire, evacuate the
laboratory and activate the nearest fire alarm.
When the fire department and emergency re-
sponse team arrive, tell them what hazardous
substances are in the laboratory.

e If a person’s clothing catches fire, douse him or
her immediately in a safety shower. The drop-
and-roll technique is also effective. Use fire blan-
kets only as a last resort because they tend to hold
in heat and to increase the severity of burns by
creating a chimney-like effect. Remove contami-
nated clothing quickly. Wrap the injured person in
a blanket to avoid shock, and get medical atten-
tion promptly.

6.D WORKING WITH SUBSTANCES
OF HIGH TOXICITY

Individuals who work with highly toxic chemicals,
as identified in Chapter 4 (see section 4.C, Tables 4.1,
4.2, and 4.3), should be thoroughly familiar with the
general guidelines for the safe handling of chemicals
in laboratories (see section 6.C). They should also have
acquired through training and experience the knowl-
edge, skill, and discipline to carry out safe laboratory
practices consistently. However, these guidelines alone
are not sufficient when handling substances that are
known to be highly toxic and chemicals that, when
combined in an experimental reaction, may generate
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highly toxic substances or produce new substances
with the potential for high toxicity. Additional pre-
cautions are needed to set up multiple lines of defense
to minimize the risks posed by these substances. As
discussed in section 6.B, preparations for handling
highly toxic substances must include sound and thor-
ough planning of the experiment, an understanding
of the intrinsic hazards of the substances and the risks
of exposure inherent in the planned processes, selec-
tion of additional precautions that may be necessary
to minimize or eliminate these risks, and review of all
emergency procedures to ensure appropriate response
to unexpected spills and accidents. Each experiment
must be evaluated individually because assessment of
the level of risk depends on how the substance will be
used. Therefore, a prudent planner does not rely solely
on a list of highly toxic chemicals to determine the level
of the risk; under certain conditions, chemicals not on
these lists may react to form highly toxic substances.

In general, the guidelines in section 6.C reflect
the minimum standards for handling hazardous
substances and should become standard practice
when handling highly toxic substances. For example,
although working alone in laboratories should be
avoided, it is essential that more than one person be
present when highly toxic materials are handled. All
people working in the area must be familiar with the
hazards of the experiments being conducted and with
the appropriate emergency response procedures.

Use engineering controls to minimize the possibility
of exposure (see section 6.D.5). The use of appropriate
PPE to safeguard the hands, forearms, and face from
exposure to chemicals is essential in handling highly
toxic materials. Cleanliness, order, and general good
housekeeping practices create an intrinsically safer
workplace. Compliance with safety rules should be
maintained scrupulously in areas where highly toxic
substances are handled. Source reduction is always a
prudent practice, but in the case of highly toxic chemi-
cals it may mean the difference between working with
toxicologically dangerous amounts of materials and
working with quantities that can be handled safely
with routine practice. Emergency response planning
and training are very important when working with
highly toxic compounds. Additional hazards from
these materials (e.g., flammability and high vapor pres-
sures) can complicate the situation, making operational
safety all the more important.

6.D.1 Planning

Careful planning should precede any experiment
involving a highly toxic substance whenever the
substance is to be used for the first time or whenever
an experienced user carries out a new protocol that
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increases the risk of exposure substantially. Planning
should include consultations with colleagues who
have experience in handling the substance safely and
in protocols of use. Experts in the institution’s EHS
program are a valuable source of information on the
hazardous properties of chemicals and safe practice.
They also need to be consulted for guidance regarding
those chemicals that are regulated by federal, state,
and local agencies or by institutional policy. Thor-
oughly review the wealth of information available in
the MSDS, the literature, and toxicological and safety
references.

When planning, always consider substituting less
toxic substances for highly toxic ones. Also, be sure to
use the smallest amount of material that is practicable
for the conduct of the experiment. Other important
factors to be considered in determining the need for
additional safeguards are the likelihood of exposure
inherent in the proposed experimental process, the
toxicological and physical properties of the chemical
substances being used, the concentrations and amounts
involved, the duration of exposure, and known toxi-
cological effects. Plan for careful management of the
substances throughout their life cycle—from acquisi-
tion and storage through destruction or safe disposal.
Document these plans, and review them with person-
nel doing the work, as well as others in the laboratory.
Finally, include a method for receiving feedback that
can be incorporated into policy revisions, allowing for
continuous improvement of the procedures.

6.D.2 Experiment Protocols Involving
Highly Toxic Chemicals

Before the experiment begins, prepare an experi-
ment plan that describes the additional safeguards
that will be used for all phases of the experiment from
acquisition of the chemical to its final safe disposal. The
amounts of materials used and the names of the people
involved should be included in the written summary
and recorded in the laboratory notebook.

The planning process may demonstrate that moni-
toring is necessary to ensure the safety of the experi-
menters. Such a determination is made when there is
reason to believe that exposure levels for the substances
planned to be used could exceed OSHA-established
regulatory action levels, similar guidelines established
by other authoritative organizations, or when the ex-
posure level is uncertain.

People who conduct the work should know the
signs and symptoms of acute and chronic exposure,
including delayed effects. Arrange ready access to an
occupational health physician, and consult with the
physician to determine if health screening or medical
surveillance is appropriate.
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6.D.3 Designated Areas

Experimental procedures involving highly toxic
chemicals, including their transfer from storage con-
tainers to reaction vessels, should be confined to a
designated work area in the laboratory. This area,
which may be a laboratory chemical hood or glove-
box, a portion of a laboratory, or the entire laboratory
module, should be recognized by everyone in the labo-
ratory or institution as a place where special training,
precautions, laboratory skill, and safety discipline are
required.

Post signs conspicuously to indicate the designated
areas. It may also be prudent to post any relevant LCSS
outside the laboratory door. The designated area may
be used for other purposes, as long as all laboratory
personnel comply with training, safety, and security re-
quirements, and they are familiar with the emergency
response protocols of the institution.

In consultation with the institution’s EHS experts,
the laboratory supervisor should determine which pro-
cedures and highly toxic chemicals need to be confined
to designated areas. The general guidelines (section
6.C) for handling hazardous chemicals in laboratories
may be sufficient for procedures involving very low
concentrations and small amounts of highly toxic
chemicals, depending on the experiment, the reagents,
and their toxicological and physical properties.

6.D.4 Access Control

Restrict access to laboratories where highly toxic
chemicals are in use to personnel who are authorized
for this laboratory work and trained in the special
precautions that apply. Administrative procedures or
even physical barriers may be required to prevent un-
authorized personnel from entering these laboratories.

Keep laboratory doors closed and locked to limit
access to unattended areas where highly toxic materi-
als are stored or routinely handled. However, security
measures must not prevent emergency exits from the
laboratory. Be sure to make special arrangements for
emergency response, including after normal work
hours. Use locks to secure refrigerators, freezers, and
other storage areas. Keep track of authorized person-
nel, and be sure to retrieve keys and change locks and
access when these people no longer work in the area.

Keep a detailed inventory of highly toxic chemicals.
The date, amount, location, and responsible individual
should be recorded for all acquisitions, syntheses,
access, use, transport, distribution to others, and
disposal. Perform a physical inventory every year to
verify active inventory records. A procedure should be
in place to report security breaches, inventory discrep-
ancies, losses, diversions, or suspected thefts.
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When long-term experiments involving highly toxic
compounds require unattended operations, securing
the laboratory from access by untrained personnel is
essential. These operations should also include fail-
safe backup options such as shutoff devices in case a
reaction overheats or pressure builds up. Additionally,
equipment should include interlocks that shut down
experiments by turning off devices such as heating
baths or reagent pumps, or that close solenoid valves
if cooling water stops flowing through an apparatus or
if airflow through a laboratory chemical hood becomes
restricted or stops. An interlock should be constructed
in such a way that if a problem develops, it places the
experiment in a safer mode and will not reset even if
the hazardous condition is reversed. Protective devices
should include alarms that indicate their activation.
Security guards and untrained personnel should never
be asked or allowed to check on the status of unat-
tended experiments involving highly toxic materials.
Warning signs on locked doors should list the trained
laboratory personnel to be contacted in case an alarm
sounds within the laboratory.

6.D.5 Special Precautions for Minimizing
Exposure to Highly Toxic Chemicals

The practices listed below help establish the neces-
sary precautions to enable laboratory work with highly
toxic chemicals to be conducted safely:

1. Conduct procedures involving highly toxic
chemicals that can generate dust, vapors, or aero-
sols in a laboratory chemical hood, glovebox, or
other suitable containment device. Check hoods
for acceptable operation prior to conducting ex-
periments with toxic chemicals. If experiments
are to be ongoing over a significant period of
time, the hood should be rechecked at least quar-
terly for proper operation and be equipped with
flow-sensing devices that show at a glance or by
an audible signal whether they are performing
adequately. When toxic chemicals are used in a
glovebox, it should be operated under negative
pressure, and the gloves should be checked for
integrity and appropriate composition before
use. Consider if reactive or toxic effluents may
be generated by the procedure. If so, scrubbing
may be necessary. If dusts or aerosols are gener-
ated, consider using high-efficiency particulate
air (HEPA) filters prior to discharge to the atmo-
sphere. Hoods should not be used as waste dis-
posal devices, particularly when toxic substances
are involved. To offer maximum protection, they
should be operated with sashes at their proper
level whenever possible. Monitoring equipment
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might include both active and passive devices to
sample laboratory working environments. The
experimenter must ensure that the hood exhaust
will not present a hazard to anyone outside the
immediate laboratory environment. For instance,
rooftop access may need to be eliminated dur-
ing certain operations or, when rooftop access is
required, work with highly toxic materials must
not be allowed. (See Chapter 9, section 9.C, for
detailed discussion on laboratory chemical hoods
and environmental control.) When available,
alarmed detection devices are another engineer-
ing control that should be used for highly toxic
materials. Air dispersion modeling may be neces-
sary to determine if exhaust ventilation will affect
nearby air intakes or other sensitive receptors.
Gloves must be worn when working with toxic
liquids or solids to protect the hands and fore-
arms. Select gloves carefully to ensure that they
are impervious to the chemicals being used
and are of correct thickness to allow reasonable
dexterity while also ensuring adequate barrier
protection. (See section 6.C.2.6.1 for more infor-
mation on gloves.)

Face and eye protection is necessary to prevent
ingestion, inhalation, and skin absorption of
toxic chemicals. Safety glasses with side shields
are a minimum standard for all laboratory work.
When using toxic substances that could generate
vapors, aerosols, or dusts, additional levels of
protection, including full-face shields and respi-
rators, are appropriate, depending on the degree
of hazard represented. Transparent explosion
shields in hoods offer additional protection from
splashes. Medical certification, training, and fit-
testing are required if respirators are worn.
Equipment used for the handling of highly
toxic chemicals should be isolated from the
general laboratory environment. Consider vent-
ing laboratory vacuum pumps used with these
substances via high-efficiency scrubbers or an
exhaust hood. Motor-driven vacuum pumps are
recommended because they are easy to decon-
taminate (decontamination should be conducted
in a designated hood).

Always practice good laboratory hygiene where
highly toxic chemicals are handled. After using
toxic materials, trained laboratory personnel
should wash their face, hands, neck, and arms.
Equipment (including PPE such as gloves) that
might be contaminated must never be removed
from the environment reserved for handling toxic
materials without complete decontamination.
Choose laboratory equipment and glassware
that are easy to clean and decontaminate. Work
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surfaces should also be easy to decontaminate
or covered with appropriate protective material,
which can be properly disposed of when the pro-
cedure is complete. Mixtures that contain toxic
chemicals or substances of unknown toxicity
must never be smelled or tasted.

6. Carefully plan the transportation of very toxic
chemicals. Handling these materials outside
the specially designated laboratory area should
be minimized. When these materials are trans-
ported, the transporter should wear the full
complement of PPE appropriate to the chemicals
and the type of shipping containers being trans-
ported. Samples should be carried in unbreak-
able secondary containment. (See Chapter 5 for
more information about transporting laboratory
chemicals.)

6.D.6 Preparing for Accidents with and
Spills of Substances of High Toxicity

Be sure that emergency response procedures cover
highly toxic substances. Spill control and appropri-
ate emergency response kits should be nearby, and
laboratory personnel should be trained in their proper
use. These kits should be marked, contained, and
sealed to avoid contamination and to be accessible in
an emergency. Essential contents include spill control
absorbents, impermeable surface covers (to prevent the
spread of contamination while conducting emergency
response), warning signs, emergency barriers, first-aid
supplies, and antidotes. Before starting experiments,
the kit contents should be validated. Safety showers,
eyewash units, and fire extinguishers should be readily
available nearby. Self-contained impermeable suits, a
self-contained breathing apparatus, and cartridge res-
pirators may also be appropriate for spill response pre-
paredness, depending on the physical properties and
toxicity of the materials being used (see section 6.C.2.4).

Experiments conducted with highly toxic chemicals
should be carried out in work areas designed to con-
tain accidental releases (see also section 6.D.3). Trays
and other types of secondary containment should be
used to contain inadvertent spills. Careful technique
must be observed to minimize the potential for spills
and releases.

Prior to work, all toxicity and emergency response
information should be posted outside the immediate
area to ensure accessibility in emergencies. All labora-
tory personnel who could potentially be exposed must
be properly trained on the appropriate response in the
event of an emergency. Conducting occasional emer-
gency response drills is always a good idea. Such dry
runs may involve medical personnel as well as emer-
gency cleanup crews.
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(See also sections 6.C.10.5 and 6.C.10.6.)

6.D.7 Storage and Waste Disposal

Use unbreakable secondary containment for the stor-
age of highly toxic chemicals. If the materials are vola-
tile (or could react with moisture or air to form volatile
toxic compounds), containers should be in a ventilated
storage area. All containers of highly toxic chemicals
should be clearly labeled with chemical composition,
known hazards, and warnings for handling. Chemicals
that can combine to make highly toxic materials (e.g.,
acids and inorganic cyanides, which can generate hy-
drogen cyanide) should not be stored in the same sec-
ondary containment. A list of highly toxic compounds,
their locations, and contingency plans for dealing with
spills should be displayed prominently at any storage
facility. Highly toxic chemicals that have a limited shelf
life need to be tracked and monitored for deterioration
in the storage facility. Those that require refrigeration
should be stored in a ventilated refrigeration facility.

Procedures for disposal of highly toxic materials
should be established before experiments begin, prefer-
ably before the chemicals are ordered. The procedures
should address methods for decontamination of all
laboratory equipment that comes into contact with
highly toxic chemicals. Waste should be accumulated in
clearly labeled impervious containers that are stored in
unbreakable secondary containment. Volatile or reac-
tive waste must always be covered to minimize release.

Follow procedures established by the institution’s
EHS experts for commercial waste disposal. Alterna-
tively, consider the possibility of pretreatment of waste
either before or during accumulation. In-laboratory
destruction may be the safest and most effective way of
dealing with waste, but regulatory requirements may
affect this decision.

(For further information about disposal of hazardous
waste, see Chapter 8. For information about regulatory
requirements, see Chapter 11.)

6.D.8 Multihazardous Materials

Some highly toxic materials present additional
hazards because of their flammability (see Chapter
4, section 4.D.1, and Chapter 6, section 6.F), volatility
(see sections 6.F and 6.G.6), explosivity (see Chapter 4,
section 4.D.3; see also section 6.G.4), or reactivity (see
Chapter 4, section 4.D.2; see also section 6.G.2). These
materials warrant special attention to ensure that risks
are minimized and that plans to deal effectively with
all potential hazards and emergency response are
implemented. (Table 5.1 provides information regard-
ing incompatible chemicals and substances requiring
extreme caution.)
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6.E WORKING WITH BIOHAZARDOUS
AND RADIOACTIVE MATERIALS

6.E.1 Biohazardous Materials

For even the most experienced laboratory person-
nel, careful review of the 2009 publication Biosafety
in Microbiological and Biomedical Laboratories (BMBL;
HHS/CDC/NIH, 2009) should be a prerequisite for
beginning any laboratory activity involving a micro-
organism, whether naturally or synthetically derived.
It defines four levels of control that are appropriate for
safe laboratory work with microorganisms that present
occupational and public health risks, ranging from no
risk of disease for normal healthy adults to high risk of
life-threatening disease. The BMBL provides guidance
for handling specific agents and a tiered approach to
control and containment for each biosafety level.

The four levels of control, referred to as biosafety
levels (BSLs) 1 through 4, describe microbiological
practices, safety equipment, and features of laboratory
facilities for the corresponding level of risk associated
with handling a particular agent. The designation of
a BSL is influenced by several characteristics of the
infectious agent, the most important of which are the
severity of the disease, the mode and efficiency of
transmission of the infectious agent, the availability of
protective immunization or effective therapy, and the
relative risk of exposure created by manipulations used
in handling the agent. Novel synthetic agents should
be handled at a higher BSL until the characteristics
of the agent are better understood. Biological toxins
are generally safely handled using BSL 2 practices
and procedures with strict attention to sharps safety,
PPE, and appropriate use of containment equipment.
Certain agents and toxins designated as select agents
under 42 CFR Part 73 have security requirements that
must be met in addition to the biosafety requirements
addressed through the application of BSL.

BSL 1 is the basic level of protection appropriate
only for agents that are not known to cause disease in
normal healthy adult humans.

BSL 2 is appropriate for handling a broad spectrum
of moderate-risk agents that cause human disease
by ingestion or through percutaneous or mucous
membrane exposure. Hepatitis B virus, salmonellae,
Toxoplasma spp., and human blood and body fluids
are representative BSL 2 agents. Extreme precaution
with needles or sharp instruments is emphasized at
this level.

BSL 3 is appropriate for agents with potential for
respiratory transmission, agents that may cause serious
and potentially lethal infections, and agents that have a
moderate risk to the outside community as well as the
individual. Emphasis is placed on the control of aero-
sols by performing all manipulations within a biologi-
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cal safety cabinet or other containment equipment. At
this level, the facility is at least two doors from general
building traffic, has a dedicated exhaust fan designed
to operate the facility under a negative pressure gradi-
ent, and usually is equipped with HEPA filters to purify
the air before it is exhausted to the outside. Air from
these laboratories cannot be recirculated to other areas
of the building. These requirements are designed to
control access to the laboratory and to minimize the
release of infectious aerosols from the laboratory. The
bacterium Mycobacterium tuberculosis is an example
of an agent for which this higher level of control is
appropriate.

Exotic agents that pose a high individual risk of
life-threatening disease by the aerosol route and for
which no treatment is available are restricted to high-
containment laboratories that meet BSL 4 standards.
These agents represent a higher risk to the community
because of their higher morbidity and mortality rates.
Protection for personnel in these laboratories includes
physically sealed gloveboxes or fully enclosed barrier
suits that supply breathing air.

Several authoritative reference works are available
that provide excellent guidance for the safe handling of
infectious microorganisms in the laboratory, including
BMBL (HHS/CDC/NIH, 2009), the NIH Guidelines for
Research Involving Recombinant DNA Molecules (NIH,
2011), and Biosafety in the Laboratory—Prudent Practices
for the Handling and Disposal of Infectious Materials (NRC,
1989). Standard microbiological practices described in
these references are consistent with the prudent prac-
tices used for the safe handling of chemicals. Biosafety
in the Laboratory lists seven foundational work practices
in biosafety:

1. Do not eat, drink, or smoke in the laboratory. Do
not store food in the laboratory. Keep your hands
away from your face; avoid touching your eyes,
nose, or mouth with gloved hands.

2. Do not pipette liquids by mouth; use mechanical
pipetting devices.

3. Wear personal protective clothing in the labo-
ratory (e.g., eye protection, laboratory coats,
gloves, and face protection).

4. Eliminate or work very carefully with sharp ob-
jects (such as needles, scalpels, Pasteur pipettes,
and capillary tubes).

5. Work carefully to minimize the potential for

aerosol formation. Confine aerosols as close as

possible to their source of generation (i.e., use a

biosafety cabinet).

Disinfect work surfaces and equipment after use.

7. Wash your hands after removing protective
clothing, after contact with contaminated materi-
als, and before leaving the laboratory.

o
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Other practices that are most helpful for preventing
laboratory-acquired infections or intoxications are as
follows:

¢ Keep laboratory doors closed when experiments
are in progress.

¢ Use leakproof secondary containment to move or
transfer cultures.

e Deactivate, disinfect, or sterilize infectious waste
before disposal.

6.E.2 Radioactive Materials

The receipt, possession, use, transfer, and disposal
of most radioactive materials is strictly regulated by
the U.S. Nuclear Regulatory Commission (USNRC)
(see 10 CFR Part 20, Standards for Protection Against
Radiation) and by state agencies who have agreements
with the USNRC to regulate the users within their own
states. Radioactive materials may only be used for
purposes specifically described in licenses issued by
these agencies. Individuals working with radioactive
materials need to be aware of the restrictions and re-
quirements of these licenses. Consult your institution’s
radiation safety officer or other designated EHS expert
for training, policies, and procedures specific to uses at
your institution. Prudent practices for working with
radioactive materials are similar to those needed to
reduce the risk of exposure to toxic chemicals (section
6.C has similar information) and to biohazards:

¢ Know the characteristics of the radioisotopes that
are being used, including half-life, type and en-
ergy of emitted radiation, potential for and routes
of exposure, and annual exposure limit. Know
how to detect contamination.

* DProtect against exposure to airborne and ingest-
ible radioactive materials.

e Never eat, drink, smoke, handle contact lenses,
apply cosmetics, or take or apply medicine in
the laboratory. Keep food, drinks, cosmetics, and
tobacco products out of the laboratory entirely to
avoid contamination.

¢ Do not pipet by mouth.

¢ Provide for safe disposal of waste radionuclides
and their solutions.

¢ Use PPE (e.g., eye protection, gloves, protective
clothing, respirators) to minimize exposures.

¢ Use shielding and gloveboxes to minimize
exposure.

¢ If possible, use equipment that can be operated
remotely.

* Plan experiments to minimize exposure by re-
ducing the time, using shielding, increasing your
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distance from the radiation, and paying attention
to monitoring and decontamination.

¢ Keep an accurate inventory of radioisotopes.

® Record all receipts, transfers, and disposals of
radioisotopes.

® Record surveys.

® Check personnel and the work area each day that
radioisotopes are used.

® Plan procedures to use the smallest amount of
radioisotope possible.

* Minimize radioactive waste.

® Check waste materials for contamination before
discarding.

® Place only materials with known or suspected
radioactive contamination in appropriate radioac-
tive waste containers.

* Do not generate multihazardous waste (combi-
nations of radioactive, biological, and chemical
waste) without first consulting with the desig-
nated radiation and chemical safety officers.

(See Chapter 8 for more information on waste and
disposal.)

6.F WORKING WITH FLAMMABLE
CHEMICALS

Flammable and combustible materials are a common
laboratory hazard. Always consider the risk of fire
when planning laboratory operations.

To prepare for fire, become familiar with your in-
stitution’s response and evacuation procedures. Some
institutions have a policy that forbids attempts to
control or extinguish a fire. Laboratory personnel need
to be trained in the necessary steps to take in case of
a fire, including knowing the locations of fire alarms,
pull stations, fire extinguishers, safety showers, and
other emergency equipment (see section 6.C.10, above).
Exit routes should be reviewed. Fire extinguishers in
the immediate vicinity of an experiment should be
appropriate to the particular fire hazards. Fires can be
exacerbated by use of an inappropriate extinguisher.
Post telephone numbers to call in an emergency or ac-
cident in a prominent location.

(Refer to section 6.F and Chapter 7, section 7.F.2, for
further information.)

To minimize the risk of fire, all laboratory person-
nel should know the properties of chemicals they are
handling as well as have a basic understanding of how
these properties might be affected by the variety of
conditions found in the laboratory. As stated in section
6.B, MSDSs or other sources of information should be
consulted for information such as vapor pressure, flash
point, and explosive limit in air. The use of flammable
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substances is common, and their properties are also
discussed in Chapter 4, section 4.D.

For a fire to start, an ignition source, a fuel, and an
oxidizer must be present. Eliminating ignition sources
is difficult and takes careful planning, but avoiding the
combined presence of fuel and an oxidizer is possible.
Keep fuel sources in closed vessels. Control, contain,
and minimize the amount of fuels and oxidizers. Con-
tainers with large openings (e.g., beakers, baths, vats)
should not be used with highly flammable liquids
or with liquids above their flash point. Although all
flammable substances should be handled prudently,
the extreme flammability of some materials requires
additional precautions. Consider using inert gases to
blanket or purge vessels containing flammable liquids.

Plan to both prevent and respond to a flammable lig-
uid spill, especially one that occurs during a laboratory
operation. Place distillation apparatuses and heated
reaction flasks in secondary containment to prevent the
spread of flammable liquid in the event of breakage.
For example, secondary containment can be a large
tray in which the apparatus stands. This precaution
is particularly important for distillations and similar
operations where the breakage of the still pot would
result in the release of large quantities of flammable
liquid, which may be at its boiling point.

Eliminate ignition sources from areas where flam-
mable substances are handled. Open flames, such as
Bunsen burners and matches, are obvious ignition
sources. Gas burners should not be used as a source
of heat in any laboratory where flammable substances
are used. Less obvious ignition sources include gas-
fired space heating or water-heating equipment and
electrical equipment, such as stirring devices, motors,
relays, and switches, which can all produce sparks that
will ignite flammable vapors. Nonsparking, explosion-
proof devices should be used. Alternatively, actions can
be taken to minimize the potential contact of flammable
vapors with ignition sources and air by ensuring that
vessels containing flammables are closed and main-
tained under a blanket of inert gas. In situations where
large volumes of flammable liquids are stored or in use,
fire codes may legally mandate the use of nonsparking,
explosion-proof equipment and electrical fixtures.

Even low-level sources of ignition, such as hot plates,
static discharge from clothing, steam lines or other
hot surfaces, provide a sufficiently energetic ignition
source for the most flammable substances in general
laboratory use, such as diethyl ether and carbon disul-
fide (see Chapter 4, section 4.D.1.3 and Vignette 6.3).
Flammable substances that require low-temperature
storage should be stored only in refrigerators designed
for that purpose. Ordinary refrigerators are a hazard
because of the presence of potential ignition sources,
such as switches, relays, and, possibly, sparking fan
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motors, and should never be used for storing flam-
mable chemicals. When transferring flammable liquids
in metal containers, sparks from accumulated static
charge must be avoided by grounding.

Laboratory fires are also caused by hot plates, oil
baths, and heating mantles that can melt and combust
plastic materials (e.g., vials, containers, tubing). Dry
and concentrated residues can ignite when overheated
in stills, ovens, dryers, and other heating devices. Do
not operate this equipment unattended. When pur-
chasing these devices, choose those models with auto-
matic high-temperature shutoffs. (See section 7.C.5 for
more information about the hazards posed by heating
devices.)

Fire hazards posed by water-reactive substances
such as alkali metals and metal hydrides, by pyro-
phoric substances such as metal alkyls, by strong

VIGNETTE 6.3
Solvent fire

Aresearcher placed a 1,000-mL beaker contain-
ing 60 g of a reagent on a magnetic stirrer located
in the chemical fume hood. Carbon disulfide, 500
mL, was added from a second 1,000-mL beaker
with stirring. During the solvent addition, the
contents of both beakers ignited. The fire was
contained in the beakers. The researcher stopped
the addition, set the beakers down in the chemical
fume hood and unplugged the power cord to the
stirrer. The employee immediately retrieved the
nearest fire extinguisher (Halon 1121) from the
hall and reentered the laboratory to extinguish
the fire. The first discharge of approximately 5
seconds caused the beakers to spill but appeared
to stop the fire. After a second or two, the solvent
in both beakers and on the chemical fume hood
bench reignited. A second discharge was applied
and the fire from the beakers and spilled material
extinguished and did not reignite.

An investigation failed to determine the ig-
nition source but was most likely due to the
magnetic stirrer. Static discharge from clothing
or the pouring liquid (the incident occurred on a
very low humidity day in January) could not be
ruled out. The researcher did not appreciate that
carbon disulfide is extremely flammable or that
its vapors are heavier than air and may travel
considerable distances to an ignition source and
flash back. Large open beak