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This lab exercise investigates and com-
pares the carbon monoxide content of
automobile exhaust and cigarette smoke.
The experiment uses gas chromatogra-
phy with thermal conductivity detection to
analyze the percentage by volume con-
centrations found in cigarette smoke and
auto exhaust. Students discover that
cigarette smoke has a much higher CO
concentration than does the exhaust from
a clean, well-maintained vehicle.

ndergraduates often view sci-
ence classes as boring and un-
related to their world. Envi-

ronmentally relevant labs that examine
familiar pollution sources (e.g., cars
and cigarettes), however, provide an
important connection between science
and students’ own experiences. In ad-
dition, because students are familiar
with cars and cigarettes, they are curi-
ous and ready to develop interesting
and testable hypotheses about these
two objects.
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In this paper we report on a lab that
compares the carbon monoxide (CO)
concentration of car exhaust with ciga-
rette smoke. We have discovered
through our experiences teaching the
general chemistry course for freshmen
at the University of Alaska, where this
activity was developed, that students
are especially fascinated working on
environmental problems that involve
cars and/or cigarettes.

In an earlier report (Jaffe and
Herndon 1995), we described a
method using gas chromatography
with a thermal conductivity detector
(GC/TCD) to measure the CO con-
tent of auto exhaust. The GC/TCD
method for CO has a detection limit
of ~0.05% v/v. This is near the level
of CO found in the exhaust of a clean,
warmed-up, well-maintained vehicle.

In contrast, the CO mixing ratio
from a poorly maintained vehicle can
be as high as 15% v/v, and is easily de-
tectable by GC/TCD. (Air pollutants

are commonly reported as a volumet-
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ric “mixing ratio” that is identical to
a mole fraction. Thus, 1% v/v refers
to a gas mixture where one out of ev-
ery 100 molecules is CO.)

Cigarette smoke contains an amaz-
ing array of gaseous and particulate
compounds, including (in approxi-
mate order by mass): carbon dioxide,
water, carbon monoxide, particulate
matter (mostly tar), nicotine, nitrogen
oxides, hydrogen cyanide, ammonia,

formaldehyde, phenol, and dozens of
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Figure 1: Experimental apparatus for obtaining cigarette smoke sample.
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exhaust from
a well-main-
tained vehicle. This concentration of
CO would be lethal if inhaled continu-
ously for approximately 30 minutes.
Because of the relatively high concen-
trations of CO in cigarette smoke, it
is possible to conduct quantitative
measurements using a basic gas chro-
matograph with thermal conductivity
detection.

The Federal Trade Commission
(FTC) has developed standard meth-
ods for collection of cigarette smoke.
The FTC method is intended to ap-
proximate a typical smoking pattern
and consists of one 35 cm® “puff” of
two seconds duration, once per
minute. Mainstream (MS) smoke is
the smoke that is directly inhaled by
the smoker whereas sidestream (SS) or
secondhand smoke is the smoke that
is released to the environment from the
burning cigarette. Researchers have
measured both SS and MS smoke for
many of the toxic constituents in ciga-
rettes (e.g., Guerin 1991; Guerin et al.
1987; Rickert et al. 1984).

For most smoke constituents, the
greatest amount is released in the SS
smoke, although this result depends on
the compound and the type of ciga-

rette. Many cigarette brands have ven-
tilation slits in or near the filter that
dilute the concentration of tar, CO,
and other compounds in the MS
smoke. For particulate matter and CO,
the SS/MS mass ratios are typically in
the range of 0.4-2 and 2-8, respec-
tively, however, a large amount of
variation exists.
Because  the
quantities and con-
centrations of the
toxic constituents
in cigarette smoke
are quite high, we
concluded that it is
possible to quantify
these amounts us-
ing methods avail-
able to undergradu-
ate science
students. In devel-
oping this labora-
tory exercise, our
goal was to mini-
mize the complexi-
ties as much as pos-
sible while still
maintaining a sci-
entifically valid ap-
proach. Therefore,
we chose to ignore
the differentiation
between MS and SS
smoke and to focus
instead on a total
smoke sample ob-
tained by continu-
ously “smoking”
the cigarette. Cer-
tainly many of the
same methods de-
scribed in this paper

sample.

i
Photo

December 1999/January 2000 JCST

could be applied to the MS and SS
smoke separately, however, to date we
have not done so.

In a separate report (Jaffe et al.
1997), we have described a series of ex-
periments on cigarette smoke that do
not require the use of a gas chromato-
graph, and are thus usable in second-
ary science classrooms. By utilizing a
gas chromatograph, undergraduate sci-
ence students are able to conduct an
experiment that reveals the remarkable
finding that cigarette smoke has higher
CO concentrations than the exhaust
from most cars.

CONDUCTING THE EXPERIMENT

The smoking apparatus is shown in
Figure 1 and Photos A and B. In ear-
lier experiments, we inserted the ciga-
rette directly into a one-hole rubber

Photo A. Device used to “smoke” cigarette and obtain smoke

B. Device used to “smoke” cigarette and obtain par-
ticulate and tar samples.
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Figure 2. Digitized chromatogram of the 1.0% v/v CO in N, calibration
standard. The chromatogram. was collected at an attenuation of 4, oven
temperature of 75C, He flow rate of 60 ml/minute, detector current of
200 milliamps, an injection volume of 1.0 ml and using a 5 A molecular
steve column 6' x 1/4" o. d. For these conditions the O,, N, and CO elute
at 0.6, 0.9 and 1.8 minutes, respectively. The small amount of O, present
in this sample was determined to be 0.5% v/v and is due to contamina-

tion of the standard during handling (see text).
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Figure 3. Chromatogram of a sample of cigarette smoke. Conditions are
identical to those used for the calibration standard shown in Figure 2. The
CO content of this sample was determined to be 2.3% v/v.
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stopper in the top of the flasks, but be-
cause of leaks we changed this proce-
dure. A more leak-free connection can
be made by inserting a piece of glass
tubing into the stopper, attaching this
piece to TygonTm tubing, and putting
the cigarette into the Tygon™ tubing.
We used Lucky Strike brand cigarettes
as the unfiltered type and Camel Fil-
ter 100s as the filtered type.

To begin the experiment, insert the
cigarette into the tubing, turn the
vacuum on, and adjust the flow rate to
0.5-1.0 liter per minute. Then light
the cigarette and, after waiting at least
one minute, insert a syringe directly
into the tubing and withdraw a gas
sample.

It is important that the Erlenmeyer
flask be the smallest size available since
a large Erlenmeyer will cause dilution
and result in lower CO concentrations
until the cigarette smoke has com-
pletely flushed the flask (about two
flushing times).

For cars, we collected exhaust
samples directly into sandwich-sized
“zipper-type” bags. In our earlier ver-
sions of this lab we used a small
vacuum pump, but later found that
this was unnecessary. The plastic bag
should be flushed with exhaust, filled,
and then quickly sealed.

Based on our earlier work (Jaffe and
Herndon 1995), it is best to conduct
the GC-TCD analysis on the same day
as the samples are collected, although
this is not absolutely necessary. A
sample of the exhaust for injection into
the GC-TCD can be obtained by in-
serting a syringe needle through the
plastic bag. A resealable sample port
can be made on the plastic bags with
two pieces of transparent tape, one on
top of the other.

For the experiments described here,
we used a GOW MAC 150 Series gas
chromatograph with thermal conduc-
tivity detector. The column was a 1/
4" o.d. by 6' molecular sieve (5A) col-
umn, and the oven temperature was set
to 70-75° C. We used the detector cur-
rent 200 mA, helium as the carrier gas,
and set the column flow rate to 60 ml/
min. We recommend that the column
be baked out at elevated temperature



prior to each class use. Inject a 1.0 ml
aliquot of the standard, car exhaust,
and cigarette smoke samples into the
gas chromatogram. For our freshmen
chemistry classes we use inexpensive
plastic syringes to inject the samples
into the GC.

The standard sample that we use is
a small compressed gas cylinder con-
taining 1% v/v CO in N,. This piece
of equipment is the only item needed
for the lab that is not usually available
in most undergraduate labs. It can be
bought for under $100 by special or-
dering it from, for example, Scott Spe-
cialty Gases in Freemont, CA.

A convenient way to provide the
standard sample for students is by fill-
ing one or two of the “zipper type”
bags. The students can then sample the
standard in the exact same manner as
the exhaust. This method also guards
against an accidental release of the lec-
ture bottle standard.

Our previous work (Jaffe and
Herndon 1995) has shown that the
CO response on the TCD is linear.
Therefore, for simplicity and economy
sake we use only a single point calibra-
tion with the standard, although it
would be a straightforward exercise to
produce multiple concentration stan-
dards by appropriately diluting the

standard with clean air.

RESULTS

Figure 2 shows a chromatogram of
the CO standard. Since the TCD has
a relatively low sensitivity, compared
with other GC detectors, you will de-
tect only the major components in
each sample, including N,, O,, and
CO. Since the main components of air
are N, and O, and the standard con-
tains little or no 0, itis relatively easy
to identify which peak is which. A
small O, peak is sometimes present in
the standard chromatogram (see Fig-
ure 2), which is probably due to our
imperfect transfer of the standard to
the plastic bags. Water and CO, are
apparently retained by the column and
do not appear in the chromatogram as
identifiable peaks. For these condi-
tions, the retention times for O,, N,

and CO are 0.74, 1.0, and 1.8 min-

University of Alaska.

Exhaust From Warm Car

Table 1. Cigarette and car exhaust data obtained by students at the

Nonfilter Cigarette Filter Cigarette

Mean 0.24
S.D. 0.26
Range bdI-0.82
N 16

2.4 2.8
0.4 0.6
1.8-2.9 1.6-3.7
4 10

utes, respectively.

By comparing the height of the O,
peak in the standard with the O, peak
in air (20% v/v), it is possible to esti-
mate the amount of contamination in
the calibration standard. For the chro-
matogram shown in Figure 2, we esti-
mate that the O, content is less than
0.5% v/v, which represents an insig-
nificant dilution of the calibration
standard by ambient air.

Figure 3 shows a chromatogram of
the cigarette smoke sample. It shows
O,, N,, CO, and a fourth unidentified
peak that appears as a small peak on
the tail of the N, peak. Other com-
pounds that might be detected in the
exhaust and cigarette smoke samples
are H, (exhaust), NO (exhaust or ciga-
rettes), HCN (cigarette), acetaldehyde,
benzene, or other hydrocarbons (ex-
haust or cigarettes). Keep in mind that
even in an extremely polluted urban
environment where CO mixing ratios
often exceed 10 parts per million by
volume (ppmv), this number is many
orders of magnitude less than the ex-
haust mixing ratios (%) and is well be-
low what is possible to detect with the
TCD. In general, chromatograms ob-
tained from the exhaust samples appear
identical to the cigarette smoke
samples, but with varying amounts of
CO.

The CO peak height for the 1%
standard varies from day to day, but
typically has a height of 4-5 cm on the
chart recorder at an attenuation of 2.
The CO peak height for a well-per-
forming, warmed-up vehicle will be
much less than the standard under
these conditions, although for a cold
vehicle much greater exhaust CO mix-
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ing ratios are observed (Jaffe and
Herndon 1995). It is a simple matter
to convert these peak heights to CO
mixing ratios using:

CO (unknown) = CO (standard) *
Peak height (unknown)/Peak height
(standard).

A summary of the cigarette smoke
and car exhaust data is given in

Table 1.
DISCUSSION

The range of cigarette smoke con-
centrations that we have found (1.6-

3.7% (vIv))
SC[/NKS‘,

is compa-
rable to the

range  re-

pOl‘th (15_ I T I T
5.5% (v/v)) |Keyphrase: Air pollution
in other stud- |Go to: www.scilinks.org
ies (Godish Code: JCST175
1985).

Cigarettes clearly emit much higher
concentrations of CO than most cars.
In fact, all of the cigarette measure-
ments we made gave CO mixing ratios
of greater than 1.0%, which is inter-
esting considering that this level is the
usual “passing” value for cars on an-
nual emission tests. Of the cars we
tested in this experiment none ex-
ceeded the 1.0% level, although we
have seen higher values from other ve-
hicles we have tested.

The filtered and unfiltered cigarettes
yielded similar CO data. At a 95%
confidence level the data from the two
types of cigarettes cannot be distin-
guished. This is in contrast to the data
on tar and other particulates that show
filtered cigarettes yielding much lower
amounts of tar.
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This relatively simple experiment
lends itself to inquiry and hypothesis
testing because students are already fa-
miliar with the basic principles behind
the internal combustion engine and
many of them probably know quite a
bit about smoking patterns. In our
Chem 106 course (second semester of
general chemistry attended mostly by
freshmen) this lab generates the most
enthusiasm of any of the labs the stu-
dents complete during the semester.

The visual nature of this experiment
also provides strong evidence to a
population that is most at risk of be-
coming smokers. In collecting the CO
samples, a noticeable pattern of dense
smoke appears in the Erlenmeyer flask.
In addition, the tar that accumulates
in the flask, tubing, and glass wool trap
are powerful visual and olfactory indi-
cations of the true nature of inhaled
cigarette smoke. (Because of the tar we
recommend that the equipment used
in this lab be dedicated to this experi-
ment.)

Since students can see that inhaled
smoke contains similar or more carbon
monoxide than in car exhaust, this ex-
periment offers an immediate “real-
world” significance attached to the
measured levels of the toxin. This evi-
dence leads to the question: why isn’t
smoking immediately lethal? The an-
swer lies in the fact that smokers do
not inhale continuously on cigarettes.
Nonetheless, serious health implica-
tions result from this high level of CO
in cigarette smoke because of the
bonding of CO to hemoglobin. Be-
tween two and five percent of smok-
ers’ hemoglobin is tied up with CO
and, therefore, unavailable for o,
transport.

This basic experiment can be broad-
ened to test a wide range of interest-
ing and relevant hypotheses. For ex-
ample, a partial list might include:

4 Is more CO released in mainstream
or sidestream smoke?

4 What factors increase the production
of CO in cigarette smoke? (e.g., flow
rate, humidity, combustion at reduced
pressure/high altitude)

4 Why do cold or poorly tuned ve-

hicles generate much more CO during
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combustion, as compared to a warm,
well-tuned vehicle?

4 Why do cigarettes produce a greater
CO concentration compared to a well-
tuned car?

a Finally, it is possible to combine the
GC measurements of CO in cigarette
smoke with mass measurements of the
tar content using a filtration technique
we have developed. It is also possible
to use less accurate, but simpler,
colorometric indicator tubes to mea-
sure the CO mixing ratios in cigarette
smoke or exhaust. Both of these
projects are suitable for secondary sci-
ence classes and are described in a sepa-

rate report (Jaffe et al. 1997).

Internet resources:

4 FDA home page on Children and

Tobacco:
hitp://www.fda.gov/opacom/cam-

paigns/tobacco.html

4 CDC’s Tobacco Information and

Prevention home page (TIPS):
hitp:/fwww.cde.govincedphplosh/

2 EPA home page on Indoor Air

Quality and Secondhand Smoke:

http://www.epa.govl/docs/iedweb OO/

index.html O

Acknowledgments
The authors would like to acknowledge the participation and help-
ful comments from a number of students in chemistry classes at the
University of Alaska. They would also like to express their grati-
tude for the assistance of Janet Ricker and Dale Griffin.

References

Bartecchi, C. E., T. D. MacKenzie, and R. W.
Schrier. 1995. The global tobacco epidemic. Sei-
entific American May:44-51.

Godish T. 1985. Air Quality. Chelsea, MI: Lewis
Pub, Inc..

Guerin, M. R., C. E. Higgins, and R. A. Jenkins.
1987. Measuring environmental emissions from
tobacco combustion: Sidestream cigarette smoke
literature review. Atmospheric Environment 21(2):
291-297.

Guerin, M. R. 1991. Environmental tobacco smoke.
In Organic Chemistry of the Atmosphere, eds. L.D.
Hansen and D.J. Eatough. Boston, MA: CRC
Press.

Jaffe, D. A., D. Griffin, and J. Ricker. 1997. Ana-
lyzing cigarette smoke. The Science Teacher 64(9):
29-33.

Jaffe, D. A., and S. Herndon. 1995. The measure-
ment of carbon monoxide in auto exhaust by gas
chromatography. Journal of Chemical Education
72:364-366.

Rickert, W. S., J. C. Robinson, and N. Collishaw.
1984. Yields of tar, nicotine, and carbon monox-
ide in the sidestrearn smoke from 15 brands of
Canadian cigarettes. American Journal of Public

Health 74(3): 228-231.

JCST December 1999/January 2000

THE U.S. NATIONAL CHEMISTRY
OLYMPIAD INVITES
JCSTREADERS TO APPLY FOR
COLLEGE MENTOR POSITIONS

College educators are invited to apply for
positions as mentors for the U.S. National
Chemistry Olympiad program. Duties dur-
ing the three-year term include helping to
conduct the national study camp for high
school students held at the U.S. Air Force
Academy in mid-June 2001, 2002, and
2003. In the second and third year, men-
tors accompany four American student
competitors to the International Chemistry
Olympiad (IChO). During the competi-
tion, mentors will serve as members of the
IChO jury. The 2001, 2002, and 2003
IChO events are scheduled to be held in the
Czech Republic, Netherlands, and Greece,
respectively. The American Chemical Soci-
ety (ACS) sponsors the U.S. National
Chemistry Olympiad program.

Most students at the study camp have com-
pleted Advanced Placement chemistry or
the equivalent. Therefore, instruction at the
camp is well beyond the level of high school
general chemistry courses. The curriculum
also includes a considerable amount of labo-
ratory work.

Applicants who are chosen to participate
are expected to have a broad background
in both theoretical and descriptive chem-
istry with classroom experience, and should
demonstrate involvement with students in
special projects or activities. Applicants
must be prepared to make a three-year
time commitment as outlined above. ACS
pays all expenses and travel costs, as well
as an honorarium.

Interested individuals should request an ap-
plication from:

Anjalika Silva, Coordinator
U.S. National Chemistry Olympiad
Program
American Chemical Society
1155 Sixteenth Street, N.W.
Washington, D.C. 20036

The deadline for completed applications is
February 1, 2000. Applicants must also ar-
range to have three letters of reference for-
warded to Ms. Silva by January 24, 2000
at the above address. For more information,
please call Ms. Silva at (202) 872-6169.




