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Preface

I was impressed by green chemistry the very first time I was introduced
to it in 2001 by Dr. Mary Kirchhoff at the American Chemical Society
National Spring meeting. I was so captivated by it that right after this,
I began working with undergraduate students on research to develop
manuals that used greener chemicals and methods while still teaching
the traditional material typically covered. As the research progressed,
I gained a desire to not only develop greener experiments, but also intro-
duce students to green chemistry in a tangible way that challenges them
to embrace its vision. I hope that students will become captivated by it
like I am as they realize green chemistry is a new way of actually doing
chemistry. I want them to grasp that it requires creativity, innovation, and
ingenuity to design novel ways to create and synthesize products and to
implement processes that will eliminate or greatly reduce the environ-
mental impact, and to be challenged by this. It was with these goals in
mind that the Green Chemistry Laboratory Manual for General Chemistry was
created.

To realize these goals, green chemistry principles are discussed in
the introductory material and applied to the experiments that will be
performed. After they have completed the procedure and analyzed their
results, students are challenged in a Think Green inquiry section to con-
sider what principles of green chemistry are positively impacted and to
research particular relevant topics. Often in this section they are encour-
aged to develop a method based on what they learned and then to try their
ideas. At the end of each chapter is the Presidential Green Chemistry
Challenge section. From this, students are able to learn about how the
green chemistry principles are actually applied in our world. Students
are asked to look up a Presidential Green Chemistry Challenge award
that relates to what was studied in the chapter and summarize what was
accomplished to receive this award.

But why was the general chemistry laboratory chosen to introduce
students to green chemistry principles in this way? The general chemistry
laboratory is an excellent place to inspire students to learn to think green.

XU



xvi Preface

Many of these students will continue on in science or engineering
professions and work in these areas to contribute to society. Teaching
them to learn to apply the principles of green chemistry at the start of their
college science education will allow them more time to firmly establish a
foundation in the principles of green chemistry that they can later use in
their future careers.
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Introduction: Why
qgreen chemistry?

A laboratory procedure you are working on requires
you to measure 20.0 ml of concentrated sulfuric
acid. Someone bumps you while you are doing this
and the acid goes everywhere, including on your
skin and clothes. You rush to the safety shower but
still end up with some chemical burns, a trip to the
emergency room, and totally ruined clothes!

This lab manual has been designed with “greener” procedures so that
an accident like the one described above will not happen. Suppose this
experiment had been conducted using vinegar instead. You would just
rinse off your skin, attempt to dry your clothes with a paper towel, and
then spend the rest of the day joking with your friends about how you
smelled like Easter egg dye. Or better yet—what if instead the procedure
could be modified to use a reusable acid catalyst anchored on a solid?

This green chemistry lab manual was developed not just to prevent
accidents and make lab settings safer for you, but also to teach you about
green chemistry. There are many exciting innovations that have happened
because of green chemistry, and even more being developed. While work-
ing through the experiments in this manual you will learn about some of
them, and hopefully begin to grasp the vision of what thinking as a green
chemist really means.

But what exactly is green chemistry? The Environmental Protection
Agency defines green chemistry as “the design, development, and imple-
mentation of chemical products and processes to reduce or eliminate the
use and generation of substances hazardous to human health and the
environment.” This means green chemistry is not about just trying to find
ways to treat hazardous materials used or produced or to develop better
protective equipment. Instead, it seeks innovative ways to reduce or even
eliminate hazards from the start. The word reduce is in italics to make
the point that just because a process is greener, it does not mean that all
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Introduction: Why green chemistry?

hazards have been eliminated. But it does mean that they have been
significantly reduced in some way.

There was not really a description for green chemistry until the

mid-1990s, when Paul Anastas and John Warner created a list of 12 cri-
teria or principles that can be used when designing chemical processes
(Green Chemistry: Theory and Practice, 1998, Oxford University Press, NY,
p. 30). These are known as the 12 principles of green chemistry. These 12 prin-
ciples and a brief explanation of each are listed below.

L.

Prevention: It is always better to prevent hazardous waste than to
have to clean it up once it has already been created. It is also better to
design a process to be safe instead of having to figure out ways to pro-
tect people from toxic chemicals being used or dangerous processes.

. Atom economy: If you build a bookcase, you want to use as much of

the wood purchased as possible and not have anything wasted. You
may consider different plausible designs and see which one has the
least waste and will work the best. Methods of synthesis should be
designed in a similar manner—you want as many atoms as possible
from the starting materials to be incorporated into the final product.

. Less hazardous chemical synthesis: When you think about chem-

istry, you may imagine someone in a yellow hazmat suit working
with some kind of chemical that has a skull and crossbones on the
bottle. Green procedures attempt to eliminate dangerous chemicals
like these and use materials that have little or no danger to human
health and the environment.

. Designing safer chemicals: If you could design two products that

did the same thing—one that could cause cancer and one that would
not—which one would you make? The answer to that is obvious—
the one that is less toxic! Products of chemical reactions should do
what they are designed to, while having minimal toxicity.

. Safer solvents and auxiliaries: Using solvents (liquids used to dis-

solve other materials), separating agents (chemicals that help two
other things separate completely), or other auxiliaries should be cut
out of a procedure as much as possible. But, if they are really needed,
they need to be as harmless as possible.

. Design for energy efficiency: You're probably very familiar with

this principle if you have ever gone shopping for a TV or refrigera-
tor. Most appliances advertise how energy efficient they are, or how
much energy you can save by using them. But, you probably have
not thought about energy efficiency in the chemistry lab. A chemi-
cal reaction should be designed to occur at room temperature and
normal pressure, if possible, to save energy. If heating is necessary,
it should be designed to be done as efficiently as possible. This could
even involve using microwaves for heating!
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7. Use of renewable feedstocks: We place a higher value on some-

thing if it is limited, and try to protect it. This is the same way we
should treat our natural resources. Whenever possible, a renewable
raw material should be used rather than depleting a limited stock of
another material.

. Reduce derivatives: Sometimes in chemistry, certain chemicals are
used to protect certain parts of a molecule from reacting. Doing this
or temporarily modifying a product should be done as little as pos-
sible because it generates additional waste.

9. Catalysis: A catalyst is something that speeds up the rate of a reac-

10.

11.

12.

tion, but is not used up in the reaction. You can get it back after the
reaction has occurred and use it again. A selective catalyst should be
used when possible.

Design for degradation: Some chemicals stick around and build up
in the environment, which can cause damage to the ecosystem. The
end products of a chemical reaction should break down instead of
persisting in the environment.

Real-time analysis for pollution prevention: Thermostats con-
stantly monitor the temperature of an area to ensure that it stays
at just the right temperature. If the room starts to become just a lit-
tle too hot or too cold, it sends a signal for the heat or air unit to
come on. Once the set temperature is reached, it signals it to stop.
In the same way, methods involving chemicals should be constantly
monitored to prevent the formation of hazardous products, optimize
yields, and decrease chemical waste.

Inherently safer chemistry for accident prevention: Even though
safety measures are put in place to prevent accidents, they still hap-
pen in the lab—you drop a beaker, a bottle rolls off of the counter,
you spill an acid, etc. When an accident occurs, you want it to cause
as little damage as possible. This is desired not just for a lab set-
ting, but also for manufacturing that is going on every day that uses
chemistry. The chemicals used, all products of the reactions, and the
processes should be designed to be as safe as possible and to prevent
accidents. This way, even if an accident occurs, it is not as serious as
it could have been since the process was designed to make it as safe
as possible.

The authors of this manual tried to make labs that would be more

interesting to you while incorporating as many of the above principles

into
labs
a chy
able

each experiment as possible. With all of these steps taken to make the
safer, they should be completely safe, right? You should be able to do
emical experiment on the counter, lay a sandwich down on it, and be
to eat it a few minutes later, shouldn’t you? Your lab partner can drink

what is in a beaker, and nothing should happen to him, right? Wrong!
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Many have the misconception that green chemistry experiments are com-
pletely without risk. A procedure can be described as green if it makes
an improvement in any of the 12 principles. So, conducting procedures
in a green way does not make safety precautions irrelevant. Rules such
as not eating or drinking in the lab, wearing safety goggles, and avoiding
horseplay are still crucial. Once again, even though these experiments are
designed to be safer, precautions still need to be observed. Vinegar may
be much safer than sulfuric acid, but that does not mean you should be
careless when using it!

Green chemistry has often been referred to as preventive medicine
for the environment. Heavy metals and other toxic materials have to be
put in special containers, sealed up, and taken to special facilities care-
fully designed to prevent them from entering the environment. If they
are not disposed of properly, they can cause illness and environmental
disasters. An advantage for you, your instructor, and the environment
is that the products of each of these labs normally do not have to be
disposed of in this special way. Often it is safe to pour solutions down
the drain (with plenty of running water), and solid waste can often be
thrown directly in the trash can. Even if the waste does need to be dis-
posed of in a special manner, it will be one used for less hazardous
chemicals. This may not seem like such a big deal to you, but if schools
across the nation began doing procedures in a green way, it could elimi-
nate tons of hazardous waste and reduce the environmental cost of
chemistry education.



Laboratory safety, equipment,
and procedures

A green chemistry laboratory manual means you
can't get hurt, right? Wrong!

While this laboratory manual has been designed with greener procedures
to cut down on harmful reagents and waste, there are still hazards and
risks. Accidents may occur, even using greener procedures. However, if
you use appropriate safety practices, a laboratory can be a reasonably
safe place. Some common safety procedures you should follow are listed
below.

Using glassware

Do not use glassware that is cracked. The glassware may break upon
heating or using.

Clean all broken glassware immediately and dispose of it in the
appropriate receptacle.

Keep all glassware clean. Do not store dirty equipment.

Handling laboratory reagents

* Always be aware of what you are doing. Study the experiment and know

the chemical and other hazards before entering the lab. A good way
to find out about a chemical’s hazards is to look up and study its
(material) safety data sheet (M)SDS).

Report hazardous chemical spills to the instructor when they occur.
Chemical spills need to be cleaned up immediately and properly.
Use a fume hood for all chemicals that may produce hazardous or
irritating gases or vapors.
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Laboratory safety, equipment, and procedures

Keep flammable liquids away from flames or exposed wiring. If a small fire
in a beaker occurs, turn off the source that caused the fire and cover
the beaker with a watch glass. Be sure to tell your instructor about it.
If a larger fire starts, tell your instructor immediately. Depending
on the size of the fire and what is burning, it may be necessary to
evacuate immediately.

Always pour concentrated acids into water, never water into acid.
Heat caused by the reaction may cause splattering.

Clean up messes when they occur. If you are unsure of how to properly
handle a chemical spill, ask your instructor.

Keep reagents pure by not contaminating them through using dirty utensils
or glassware. Not only will your reagents become contaminated, but
undesirable reactions, even explosions, may occur.

Dispose of waste properly. Follow the instructions given to you on
how to dispose of your chemical waste by your instructor. These
vary according to how your lab has been designed to accommodate
chemical wastes and your location’s regulations.

If a corrosive liquid or any laboratory chemical used in this manual
gets on your skin, immediately rinse the area with water and alert
your instructor.

Do not inhale large quantities of the reagents when checking the
odor. Gently waft vapors toward your nose.

Never eat or drink anything that has been in the lab, including
reagents or samples. Eating, drinking, and smoking are not permit-
ted in any laboratory setting.

Laboratory attire

Wear safety goggles at all times. It is possible there may be flying debris
from glassware breaking and spilled chemicals. If you wear con-
tacts, you should remove them. Splashed chemicals and noxious
gases could cause more damage if you are wearing them.

Long, loose hair should be tied back.

Wear closed-toe shoes at all times.

Wear clothes that give appropriate coverage for protection. Try to avoid
wearing loose-fitting or very flammable clothing.

Safety equipment

Know when to use and how to use all safety equipment.

Know the location and purpose for all safety equipment, includ-
ing the eye wash station, safety shower, and fire extinguisher.
[lustrations of some common safety equipment are shown below:
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Eye wash station

Safety shower with pull chain

Fire extinguisher
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Fire blanket

Laboratory fume hood

Safety goggles



