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SUMMARY

Based on the unique temperature and oxygen profilesin a
burning cigarette, anovel approach isproposed in this paper
to use a single oxidant/catalyst in the cigarette filler for
simultaneous removal of carbon monoxide (CO) and nitric
oxide (NO) in mainstream smoke. A nanoparticleiron oxide
isidentified asavery active material for this application due
to its multiple functions as a CO catayst, as a CO oxidant,
and in its reduced forms as a NO catalyst. The multiple
functions of the nanoparticle iron oxide are characterized in
a flow tube reactor and the working mechanisms of these
multiple functions for CO and NO remova in a burning
cigarette are explained. The effect of smoke condensate on
the catalyst are examined and discussed. Theadvantageof in
situ generation of the catalyst during the cigarette burning
process is illustrated. The test results of nanoparticle iron
oxide for CO and NO removal in cigarettes are presented.
[Beitr. Tabakforsch. Int. 21 (2004) 1-8]

ZUSAMMENFASSUNG

Auf der Basisder in einer brennenden Zigarette herrschenden
Temperatur- und Sauerstoffprofile wird eine neue Vor-
gehensweise vorgeschlagen, bei der mit einem einzigen
Oxidans/Katalysator im Fullmaterial fUr Zigaretten gleich-
zeitig sowohl Kohlenmonoxid (CO) alsauch Stickoxid (NO)
ausdem Hauptstromrauch von Zigaretten entfernt werden. Es
wurde herausgefunden, dass ein Nanopartikel-Eisenoxid
aufgrund seiner verschiedenen Funktionen als CO-Katalysa
tor, CO-Oxidans und in reduzierten Formen vorliegend as
NO-Katalysator fur diesen Zweck sehr wirkungsvoll einge-
setzt werden kann. Die verschiedenen Funktionen desNano-
partikel-Eisenoxids wurden in einem Durchflussreaktor be-
stimmt und die Mechanismen dieser mehrfachen Funktionen
zum Entfernen von CO und NO aus einer brennenden
Zigarette erklart. Die Wirkung von Rauchkondensat auf den
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Katalysator wird untersucht und diskutiert. Der Vorteil einer
in situ Generierung des Katalysators wahrend des Brenn-
vorgangsder Zigarettewird beschrieben. DieVersuchsergeb-
nisse der Eliminierung von CO und NO aus Zigarettenrauch
durch Nanopartikel-Eisenoxid werden présentiert. [Beitr.
Tabakforsch. Int. 21 (2004) 1-8]

RESUME

Basé sur des profils uniques de température et d’ oxygéne
dans une cigarette en combustion, une nouvelle approche,
utilisant un seul oxydant/catalyseur dans la charge des
cigarettes pour I’ élimination simultanée du monoxyde de
carbone (CO) et du monoxyde d'azote (NO) de la fumée
principale de cigarettes, est proposée. Une nanoparticule
d' oxydedefer aétéidentifiéecomme étant un matériau tres
actif dans ce contexte, en raison de sesfonctions multiples
comme catalyseur de CO, oxydant de CO et, sous forme
réduite, comme catalyseur de NO. Les fonctions multiples
de cette nanoparticule d' oxyde de fer ont été caractérisées
dans un « flow tube reactor » (tube a flux) et les mécanis-
mes de ces fonctions multiples d’ élimination de CO et NO
d’une cigarette en combustion sont expliqués. L’ effet du
condensat de la fumée sur le catalyseur est examiné et
discuté. L' avantage d' une génération in situ du catalyseur
au cours de la combustion de la cigarette est élucidé. Les
résultats des essais d'@imination du CO et du NO des
cigarettespar desnanoparticulesd’ oxydede sont présentés.
[Beitr. Tabakforsch. Int. 21 (2004) 1-8]

INTRODUCTION

Carbon monoxide (CO) and nitric oxide (NO) are products
of tobacco pyrolysis and combustion. The sources of CO
from a burning cigarette, according to the pioneering
studies of R.R. BAKER (1,2,3), are roughly around 30%
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Figure 1. The schematic of the flow tube reactor setup

fromthermal decomposition, 36% from combustion, and at
least 23% from reduction of carbon dioxide (CO,) by
carbonized tobacco. Comparatively, the sources of NO and
its formation are not as clear. It probably comes from the
combustion and decomposition of the nitrogen containing
compounds. A recent study by Im et al. (4) suggests new
pathways for NO formation.

Over the years, many empirical approaches have been pro-
posed and tried to remove CO and NO, especially CO, in
the mainstream smoke. For CO, these approaches include
dilution, filtration, direct oxidation and catal ytic oxidation.
The obvious problem for dilution is the indiscriminate
removal of other smoke constituents. For filtration, thereis
still no adsorbent available that can selectively adsorb a
substantial amount of CO at ambient temperature. The
direct oxidation and catalytic oxidation approaches have
also received a significant amount of research work.
However, due to the high level of complexity in aburning
cigarette and the coating and deactivating of the catalyst by
the smoke condensate downstream of the burning zonein
the cigarette rod, no CO catalyst has reached commercial
application in cigarettes yet.

In this paper, a novel working mechanism is proposed to
utilize the unique axial temperature and oxygen profilesin
aburning cigarette and use a single oxidant/catalyst distri-
buted in the cigarette filler for simultaneous removal of
both CO and NO in the mainstream smoke. A nanoparticle
iron oxide called NANOCAT® Superfine iron oxide
(referred to as NANOCAT® Fe,0O, hereafter), manu-
factured by MACH I, Inc., King of Prussia, PA, isidenti-
fied asapromising material for thisapplication. Thisnano-
particle, with an average particle size of 3 nm, consists of
the crystalline phase of FeOOH, y-Fe,O,, and some amor-
phous phases. The multiple functions of NANOCAT®
Fe,0, asa CO catalyst, asa CO oxidant and in its reduced
forms as aNO catalyst are characterized by the flow tube
method. The influence of the smoke condensate on the
performance of the catalyst is evaluated and the advantage
of generating catalyst in situ during the burning processis
illustrated. The test results of NANOCAT® Fe,O, for CO
and NO removal in cigarettes are also presented.

EXPERIMENTAL SETUP

Two types of experiments were carried out. A flow tube
reactor system was used to characterize the catalytic and
oxidative propertiesof NANOCAT® Fe,O,. Theeffective-
nessof NANOCAT® Fe,O,inremoving CO and NOinthe
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Figure 2. The schematic of the puff-by-puff smoke analyzer

mainstream smoke of a burning cigarette was tested by a
puff-by-puff analyzer system. Thetwo experimental setups
are described here separately.

Flow tube reactor system

Experiments were carried out by using a quartz flow tube
reactor (length 50 cm, i.d. 0.9 cm). A schematic diagramis
shown in Figure 1. A piece of quartz wool dusted with a
known amount of NANOCAT® Fe,0, was placed in the
middle of the flow tube, sandwiched by the two other
pieces of quartz wool. The quartz flow tube was then
placed inside a Thermcraft furnace (Thermcraft, Inc.,
Winston-Salem, NC) controlled by atemperature program-
mer. The sample temperature was monitored by an Omega
K-type thermocouple (OMEGA Engineering, Inc., Stam-
ford, CT) inserted into the dusted quartz wool. Another
thermocouple was placed in the middle of the furnace,
outside the flow tube, to monitor and record the furnace
temperature. The temperature data were recorded by a
L abview-based program (National I nstruments Corporation,
Austin, TX). Since the catalytic oxidation of CO is very
exothermic, the catalyst bed’ stemperature could be signifi-
cantly higher than the heating furnace's temperature,
depending on CO concentration and the flow rate.
Theinlet gases were controlled by a Hastings I nstruments
digital flow meter, model HFC 202 (Hastings | nstruments,
Norfolk, England). The gases were mixed before entering
the flow tube. The effluent gas was analyzed either by a
Rosemount Analytical’sNGA2000-MLT multi-gas analy-
zer (ROSEMOUNT Analytical, ProcessAnalytic Division,
Orrville, OH) or a Balzer Thermal Star quadrupole mass
spectrometer (Pfeiffer Vacuum GmbH, Asslar, Germany)
through a sampling capillary. The multi-gas analyzer used
three non-dispersive near infrared detectors for the measu-
rements of CO, CO, and NO, respectively, and one para-
magnetic detector for the measurement of oxygen (O,).
When the mass spectrometer was used as the monitor, a
15% contribution from the fragmentation of CO, (m/e=44)
to CO (m/e = 28) had been accounted for.

Puff-by-puff smoking test system

The control and experimental cigarettes were smoked by a
single port, puff-by-puff smoking machine. The outlet of the
smoking machine was coupled to a multi-gas analyzer as
shown in Figure 2. The smoking machine smoked the
cigarettes according to Federal Trade Commission (FTC)
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Figure 3. The temperature dependence of AH (enthalpy) and
AG (Gibbs free energy) for the CO + 1/20, = CO, reaction

conditions (35 mL/2 s, one puff per minute). Each 35 mL
puff of smoke was injected into the 1000 mL/min helium
stream, which carried the injected smoke to the multi-gas
analyzer. The flow rate of the helium stream was controlled
by aHastingsdigital flow meter. The NGA2000-MLT multi-
gasanalyzer can measurethe concentrations (by volume per-
centage) of CO and NO in a continuous flow, even with the
presenceof other organic compounds. The measurement was
taken every second to ensure a close monitoring of the con-
centration changes. The measured concentration data, along
with time were logged on acomputer for analysis. Theinte-
gration of the concentration vs. time gives the quantities of
CO and NO production during the puff-by-puff smoking pro-
cess. According to the idea gas law, the gas volume per
mmol at 25 °C can be calculated as follows:

L-atm
0.08206 -298.15
v _RT ( : 1) ®
n P 1 (atm) [1]
2445( mL )
mmol

The integral of concentration over time is converted to
milligrams of the specific gas produced by the following
eguation:

Gas Produced (mg)

L mL m,
Integral | 2= -5 | x Flowrate | = | x MW g
& ( L ) ( s ) (mmol] (2]

10| L | x 24 45| L
L mmol

The flow rate is 1035 mL/min (1000 mL/min from the
carrier gas helium and 35 mL/min from the smoke).

The cigarette was lit by a Borgwaldt Technik electric
cigarettelighter (Borgwal dt Technik GmbH, Hamburg, Ger-
many). Once the cigarette was lit, the mainstream smoke
passed through a Cambridgefilter pad first. The aerosol and
some of the heavier, condensable products were trapped by
the Cambridgefilter pad. The other gasesin the mainstream
smoke, including CO, NO and lighter organic compounds,
passed through the Cambridge filter pad and entered the
multi-gas analyzer.

Materials

The NANOCAT® Fe,O, was purchased from MACH 1,
Inc. The average particle sizeis 3 nm and the BET surface
area is 250 m%g, according to the manufacturer. The
sample was used without further treatment. Another nano-
particle, the Fe,O, nanoparticle, which has an average
particle size of 60 nm, was also acquired from the same
manufacturer. It was also used without any further tre-
atment. The gases used in the flow tube reactor tests were
4% CO, 21% O,, mixture of 3.44% CO with 20.6% of O,,
and 995 pL/L of NO, al balanced with Helium (He). They
were purchased from BOC Gases (BOC Gases, Murray
Hill, NJ) with certified analysis. The concentrations of CO
and NO were sel ected roughly based on the concentrations
of CO and NO inthefilter end of acigarette during puffing.

RESULTS AND DISCUSSION
Thermodynamic considerations

The oxidation of CO by O, is highly exothermic with the
enthalpy of the reaction (AH) more than 280 kJmol in a
widetemperaturerange, asshownin Figure 3, wherethe data
were taken from reference (5). The negative Gibbs free
energy (AG) vaduesin the entire temperaturerangein Figure
3 alsoindicate that the reaction is a spontaneous reaction if
the kinetic reaction barrier can be lowered by the proper
catalysts. By incorporating a catayst into a cigarette to
remove CO, the heat generated by the CO oxidation hasto be
considered. The CO catalyst can be put in the cigarettefiller
rod or cigarette filter, with respective advantages and
disadvantages. In the cigarettefiller rod thereis high tempe-
rature available in the combustion zone and pyrolysis zone.
Therefore, it does not require the CO catalyst to be activated
at ambient temperature. However, in the high temperature
zones, O, issignificantly depleted (6,7,8). In addition to that,
inaburning cigarette with the CO catayst evenly distributed
along the filler rod, only a fraction of the CO catayst is
activated at a time, depending on the length of the high
temperature zone. On the other hand, there is not a high
temperature zone available in the cigarette filter, at least not
for the first few puffs, thus a CO catalyst that can be acti-
vated at ambient temperature is required. This requirement
would significantly limit the choices of available catalysts.
Putting the CO catalyst in the filter does have the advantage
of making more efficient utilization of the catalyst since all
of the catalyst, not just afraction of it asisthe case when the
catalyst is put in thefiller rod, will be activated at one time.
However, a simple calculation in the next paragraph will
show that the buildup of heat by the catalytic oxidation of
CO by O, will be an amost insurmountable problem.
Suppose CO is converted 100% in the filter, the heat (h)
generated by the oxidation of the 4% of CO contained in
one FTC puff (35 mL) at the room temperature is

e AH < 35(mL)x0.04,283( J )

24.45( _mL_ ] mmol

mmol

ol
1l

(3]

=162 ()
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Figure 4. The one-dimensional oxygen concentration profile
along the cigarette rod during a puff (graph reproduced from
reference (6), Beitr. Tabakforsch. 8 (1975) 219-224, Figure 2, p.
220)
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Figure 5. The schematic diagram of the proposed working
mechanism of the single catalyst/oxidant applied to the
cigarette filler

where n is the number of moles of CO contained in 35 mL
FTC puff, AH isthe heat of reaction for CO oxidation, which
is283 kJmoal at 25 °C (5). The enthalpy generated in the CO
oxidation will heat up both the filter and 35 mL of the air in
thisone puff. The cigarette’ sfilter is cellulose acetate with a
heat capacity of 1.5 Jg - “C and atypical filter weighs 110
mg. The air' sheat capacity is1.03 Jg - “C (9) and 35 mL of
air weighs42 mg. Assuming both air and thefilter are heated
up to the same temperature, the net temperature increase AT
will be
AT - 16.2(J)

0.11(g)" 1.5(

L N 103
g-°C) 0.042(g) 1.03(g_°c) [4]

=78°C.

Therefore, the catalytic oxidation of CO could potentially
increase the temperature of the filter as much as 78 °C in
just one puff. Therefore, during the smoking of a cigarette
with an average of 8 to 10 puffs, there would be a signifi-
cant increase of thefilter's temperature.

The direct oxidation of CO with other oxidative reagents,
such as metal oxides, is much less exothermic. For ex-
ample, the enthalpy (AH) of direct oxidation of CO by
Fe, 0, is 44 kdmol (5). However, direct oxidation usualy
can not proceed until the temperature reaches a few hun-
dred degrees Celsius. Therefore, if the oxidative reagents
are to be positioned in the filter, they have to be heated by
some means and that again would result in the temperature
of thefilter being too high.

This thermodynamic analysis points out that the cigarette
filter might not be asuitable place to conduct either cataly-
tic oxidation or direct oxidation of CO in the mainstream
smoke. The next sectionwill show that cut filler intheciga
rette column might be a better place to accomplish CO
removal.

NANOCAT® Fe,0,asasinglecatalyst/oxidant in cigarette
filler for simultaneous CO and NO removal: a novel
working mechanism

A burning cigarette can roughly be divided into three zones
along theaxia direction with different temperature ranges:
that is, the combustion zone (950-700 °C), the pyroly-
sig/distillation zone (600-200 °C), and the condensation/fil-
tration zone (200 °C to ambient) (10). A one dimensional
oxygen concentration profile along the cigarette rod during
apuff, measured by LANzILLOTTI and WAYTE (6), isshown
in Figure 4. It can be seen from Figure 4 that in the com-
bustion zone, oxygen is severely depleted. BAKER aso
reported that the oxygen concentration in the combustion
zone is less than 0.1% (8). However, a CO oxidant can
oxidize CO directly in the absence of oxygen in the right
temperature range. In the pyrolysis zone, the oxygen
concentration is recovered somewhat to about 3% due to
dilution fromtheair flow. This 3% of oxygenisavaluable
sourceto be utilized to oxidize CO to CO, through catalytic
reaction. The temperature of 600-200 °C in the pyroly-
sigdigtillation zone is high enough for a suitable CO cata
lyst to be activated. The oxygen concentration continuesto
recover in the condensation/filtration zone but the tempera-
turein this zone quickly approaches ambient and probably
isnot high enough to activate any commercially available,
non-precious metal based CO catalyst.

As will be shown by the following discussion, the unique
temperature and oxygen profilesin a burning cigarette indi-
catethat it isnot enough to just put agood CO catalyst inthe
filler because of oxygen deficiency in the combustion zone.
It is better if the CO catalyst is also a CO oxidant such as
somemetal oxides. For aCO catalyst/oxidant to be effective,
it also needs to be in a highly dispersed form with high
surface area so that a small amount of it can be distributed
evenly over theentirecutfillerinthecigarette. NANOCAT®
Fe,O,, with its multiple functions for CO and NO removal
(will be described in details later) and its small particle size
and high surface ares, fitsthis unique application quite well.
Based on the unique temperature and oxygen profilesin a
burning cigarette described above, we propose a novel
working mechanism to remove CO in the mainstream
smoke asillustrated in Figure 5. A single CO catalyst/oxi-
dant material is distributed evenly in the cigarette’ s filler.
During a cigarette's smoking process, as the char line
moves towards the filter end, this single catalyst/oxidant
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Figure 6. NANOCAT® Fe,O, as a CO catalyst

will go through the pyrolysis zonefirst, then go through the
combustion zone, as shown in Figure 5. When it goes
through the pyrolysis zone, it will behave asa CO catalyt,
catalyzing the CO to CO, oxidation. After it is used as a
CO catalyst, it will be used AGAIN as a CO oxidant when
it goes through the combustion zone. Thus, the same
material will be used twice, first as a catalyst, then as an
oxidant, during the cigarette’ sburning process. Potentially,
asignificant CO removal could be achieved withaminimal
amount of the single catalyst/oxidant added in the filler.
In a standard smoking condition, the residence time of the
gasflow inthe combustion and pyrolysiszoneisvery short.
For a35 mL/2 sstandard puff, thelinear velocity of the gas
flow in the cigarette is 35.7 cm/s (calculated with the
cigarette’ sinner diameter of 0.79 cm). Suppose the length
of the combustion zone and the pyrolysis zoneis about 0.7
cm each during the smoking (7), then the residence time of
the gasesin each zoneis only 20 ms. Therefore, to effecti-
vely remove CO and NO from the mainstream smoke by
applying catalyst/oxidant in the cut filler, the potential
catalyst/oxidant should have avery small particle size and
alargesurfacearea. Thevery small particlesizewill ensure
that asmall quantity of the catalyst/oxidant can bewell dis-
persed on the entire cut filler in the cigarette. Thelarge sur-
faceareawill ensurethat thereissufficient contact between
reactant gases and the catalyst/oxidant.

We have identified NANOCAT® Fe,O, as a very promi-
sing candidate for this application (11). Iron oxide powder
has been tried before to remove CO from cigarette smoke
without much success (12). However, it will be shown in
the following sections that NANOCAT® Fe,O; is much
more effective as a CO catalyst due to its very small par-
ticlesize of 3 nm and large surface area of 250 m?/g. It also
has a unique phase composition that makes its activation
temperature 150 °C lower than the activation temperatures
of other micron-sized iron oxides. Therefore, a good dis-
persion of catalyst/oxidant with a sufficiently high surface
areacould be achieved by applying NANOCAT® Fe,O,in
the cigarette cut filler.

In addition to being effective asa CO catalyst and a CO oxi-
dant, the reduced forms of NANOCAT® Fe, 0O, (i.e. Fe,O,,
FeO, and Fe) could aso be used to reduce NO in the main-
stream smoketo N,. Fe;0, isknown asthe active component
iniron oxidebased catalyst for CO + NO reaction under oxy-

gen deficient conditions (13). The reaction produces N, and
CO,. Thefreshly formed Feisacatalyst for the disproportio-
nation reaction of CO that produces carbon and CO, and thus
further removes CO (11). Therefore, the multiple functions
of onesingle material suchasNANOCAT® Fe,0,, could be
used in the cigarette filler for the smultaneous CO and NO
removal as summarized below:
a) In the pyrolysis zone, Fe,0, is used as a cataly<t for the
CO oxidation by O,:

2C0 +0, = 2CO, [5]
b) As the cigarette burning proceeds, the pyrolysis zone
becomes the combustion zone. The Fe,O, used in the
pyrolysis zone as the catalyst for CO oxidation is used
again here as an oxidant for direct CO oxidation:

3Fe,0, + CO = 2Fe,0, + CO, 6]
Fe,0, + CO = 3FeO +CO, (7]
FeO +CO = Fe +CO, 8]

¢) In the combustion zone, where most of NO is produced,

the freshly formed Fe,O, catalyzes the CO + NO reaction:

2CO +2NO = 2CO, +N, [9]

d) Alsointhe combustion zone, the newly formed Fe could

catalyze the disproportionation of CO and further removes
CO:

CO +CO = C +CO, [10]

Characterization of NANOCAT® Fe,O, as CO and NO
catalyst by flow tube method

Inthissection NANOCAT® Fe,O, is characterized briefly
asaCoO catayst, aCO oxidant and in its reduced forms as
a catalyst for the CO + NO reaction. More detailed infor-
mation about the reaction kinetics and mechanism of nano-
particle iron oxide as a CO catalyst and its stepwise
reduction by CO can be found in reference (11).

a) NANOCAT® Fe,0, as CO catalyst and oxidant: Here
only the characteristics of NANOCAT® Fe,0, as a CO
catalyst and as a CO oxidant are shown. In Figure 6,
NANOCAT® Fe,O, ischaracterized asaCO catalyst. The
catalyst was activated at 150 °C and quickly reached full
capacity. The activation temperature of 150 °C makes it
very suitable for application in the pyrolysis zone of a
burning cigarette that has a temperature range of 600 to
200 °C.

After the NANOCAT® Fe,O, sample in Figure 6 was
tested as a CO catalyst, the sample was cooled down to the
room temperature under the protective environment of
helium gas. Then the same samplewastested again asaCO
oxidant and theresultisshownin Figure 7. In thistest, only
4% CO in helium was passed through the sample and the
temperaturewasincreased as quickly aspossibleto 460 °C,
which was chosen because it is high enough for reaction
[6]-8] to occur. The decrease of CO and the increase of
CO, in the effluent flow were amost a mirror image of
each other. In this direct oxidation, CO was oxidized by
NANOCAT® Fe,0, to CO, and the NANOCAT® Fe,O,
was reduced to different reduced forms (Fe;O,, Fe). Inthe
combustion zone of aburning cigarette, the temperature is
high enough (900 to 700 °C) for NANOCAT® Fe,O, to be
used again as a CO oxidant to reduce CO in the smoke.
Therefore, in the burning process, the NANOCAT® Fe,O,
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applied in the filler can be used two times, first as a CO
catalyst in the pyrolysis zone, then as a CO oxidant in the
combustion zone.

Thenano-sized NANOCAT® Fe,O,ismuch moreeffective
as a CO catayst than other micron-sized iron oxide
powders, asshownin Figure8. Inthisexperiment, the same
amount of NANOCAT® Fe,O; and Aldrich’ sa-Fe,O, were
tested respectively in the flow tube reactor, under identical
conditions, for effectiveness as a CO catayst. There are
two significant differences in catalytic performance
between these two materials. First, the activation
temperature of nanoparticle iron oxide is at least one
hundred and fifty degrees lower than that of «-Fe,O, (150
*Cvs. 300 °C). Second, the percentage of CO conversionis
much higher with nanoparticleiron oxidethan with a.-Fe,O,
(98% vs. 10% at 400 °C). The very small particle size (3
nm) and the larger BET surface area of nanoparticle iron
oxide (250 m%g vs. 3.2 m?g for a-Fe,0,) very likely
contribute to the higher CO conversion rate. The low
activation temperature of nanoparticle iron oxide probably
comes from the FeOOH component existing in this
material, asdiscussedinreference(11). Thedetailed kinetic
and structural studies of the Fe,O, can be seen there.

b) The reduced form of NANOCT® Fe, O, as a catalyst of
2CO+ 2NO = 2CO, + N, reaction: Asmentioned inthe pre-
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vious section, Fe;0, isknown to be the active catalytic com-
ponent for the CO + NO reaction (13). In Figure 9, theinlet
gas consists of CO, NO but not O,. As the temperature in-
creases, first CO stepwise reduces NANOCAT® Fe,0, to
Fe,0,, thento FeO and Fe. Assoon asFe,O, isformed, asin-
dicated by the decrease of CO and the increase of CO,, NO
startsto decrease, at the temperature of only 110 °C. The ex-
periment indicates that the in situ generated Fe,O, isavery
active catalyst for CO + NO reaction. This conclusion is
further confirmed by another experiment, in which the com-
mercial Fe,O, nanoparticlesweretested under identical con-
ditions and the result is shown in Figure 10. The CO peak
corresponding to the reduction of Fe,O, to Fe,O, disappears
since the starting material is aready in the Fe,O, form. The
decrease of NO is not observed until 300 °C. In the later
section, the test result in a cigarette also reveals that the in
Situ generated Fe,O, ismore activein removing NO than the
pre-fabricated one.

The effect of smoke condensate on catalyst

Applying catalystsin acigaretteisaunique challengesince
many other smoke constituents can potentially deactivate
the catalyst or participate in acompetitive reaction. During
the smoking process, the smoke condensate will condense
indiscriminately in the cool zone on both the cut filler and
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Figure 11. TG trace of the bright tobacco condensate; heating
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Figure 12. Comparison of the catalytic performance of
NANOCAT® Fe,O, with and without the smoke condensate
coating

catalyst. Therefore, the influence of the smoke condensate
on the catalyst becomes very important. It could even be
the controlling factor of the catalytic performance. It is
obvious that once the smoke condensate is condensed on
the catalyst, the smoke condensate has to be vaporized or
decomposed before the catalyst can regain any catalytic
activity. Thus, the temperature at which most of the smoke
condensateeither vaporizesor decomposeswill becomethe
actua activation temperature, i.e. the temperature for the
catalyst to begin functioning in acigarette. Thistemperatu-
re could be significantly higher than theintrinsic activation
temperature for the same catalyst in other well-controlled
chemical environments such as those described in the flow
tube experiment earlier.

The mgjority of the smoke condensate vaporizes when the
temperature reaches 300400 °C, asshownin Figure 11. In
this Thermal Gravimetric (TG) experiment, 10 mg of con-
densate from the pyrolysis of bright tobacco was heated in
150 mL/min of helium flow at the heating rate of
20 "C/min. It is clear that the bright condensate starts to
vaporize at 100 "C. At 250 *C, about 40% vaporizes and at
350 °C, about 70% vaporizes.

When the smoke condensate coated on the catalyst startsto
vaporize or decompose, some portion of the catalyst surface
could become exposed and becomes catalytically active
again assuming that the active catalytic sites are not
destroyed during the condensation and vaporization of the
smoke condensate. The effect of smoke condensate on the
catalyst can be tested outside of a cigarette by testing the
smoke condensate-coated catalyst. The coating of the
smoke condensate is briefly described here: The smoke
condensate was generated from the pyrolysis of 1 g of
bright tobacco in a flow tube at 300 °C in helium flow.
Fifty milligram of NANOCAT® Fe,0O, was putinthedown
stream of the flow tube in the cool zone. The generated
condensatein the hot zone was carried over by helium flow
to the cool zone and condensed on the nanoparticle iron
oxide sample. The NANOCAT Fe,O, sample was then
taken out of the flow tube and tested as a CO catalyst.
Figure 12 compares the performance of the catalyst coated
with smoke condensate and the fresh sample. It is obvious
that the coated sample loses catalytic activity at the low
temperature. However, as the temperature increases, the
coated catalyst starts to regain some catalytic activity at
about 250 °C. When the temperature reaches 350 °C, the
coated catalyst regains 100% of its catalytic activity and in
fact, it performs identically to an un-coated catalyst. This
observation isin agreement with the fact that at 350 °C the
majority of the smoke condensate has devolatilized. Two
useful conclusions can be drawn from this set of exper-
iments. First, the catalytically active siteson NANOCAT®
Fe,O, arenot destroyed by the condensati on and vapori zati-
on of the smoke condensate. Second, the vaporization
process of the smoke, to certain extent, dictates the actual
activation temperature of the catalyst, regardiess of the
intrinsic activation temperature of the catalyst.

Test resultsin a cigarette

Themultiplefunctionsfor the CO remova by NANOCAT®
Fe,O, and the test resultsfrom the smoke condensate coating
experiment indicate that this material should be able to
remove CO from the mainstream smoke in the cigaretteto a
certain extent. The test results in the cigarette confirm that
thisisthe case. In the cigarette test, mixed blends commerci-
al cut filler was used to make both control and experimental
cigarettes. The amount of 0.74 g of cut filler was used for
each control cigarette. For the experimental cigarette, 3wt %
of NANOCAT® Fe, O, was applied to the same amount of
cut filler. Both control and experimental cut fillerswerethen
made into cigarettes by a Supermatic® cigarette maker. Five
control cigarettes and five experimental cigarettes were
smoked by the puff-by-puff smoking machine described in
the experimental section and CO, NO were measured.

Compared to the control cigarette, the CO in the experi-
mental cigarette is reduced from 14.8 (= 0.8) mg to 9.3
(x 0.6) mg, a37% reduction. The puff count isalso reduced
slightly from 8.2 (+ 0.1) to 7.6 (x 0.3). For the NO test, an
additional set of experimental cigarettes was made. An
amount of 1.5% of NANOCAT® Fe, O, plus1.5% of Fe,O,
were applied to the cut filler of this set. The purpose isto
correlate the test result from the flow tube method to the
actual catalytic performance of these two materias in a
cigarette. The results from the flow tube test indicate that



NANOCAT® Fe,0, is more active in NO removal than
Fe,O, becauseit could generate fresh Fe,O, in situ. Thetest
result in a cigarette shows that with 3% of Fe,O, in the cut
filler, NO isreduced from 328 (+ 13) ugto 179 (£ 19) ug,
a45% reduction. However, with 1.5% of Fe,O, plus 1.5%
of Fe,0,, NO is only reduced to 234 (+ 35) pug, a 29%
reduction. The result in the cigarette test isin good agree-
ment with the flow tube test. It indicates that in situ produ-
ced Fe,0, is a more active catalyst for the CO + NO
reaction in a cigarette.

These test results clearly show the promise of NANO-
CAT® Fe,0O, asasingle catalyst/oxidant that can simulta-
neously remove CO and NO in the mainstream smokein a
burning cigarette. NANOCAT® Fe,0; is a non-precious
metal based catalyst that it is especially suitable in a non-
recyclable application such as a cigarette.

CONCLUSIONS

NANOCAT® Fe,O, isidentified as a promising cut filler
additive to reduce CO and NO in mainstream cigarette
smoke. It can be used asaCO catalyst in the presence of O,
and used again as a CO oxidant in the absence of O,. The
activation temperature of NANOCAT® Fe,O, asacatalyst
and as an oxidant match very well with the temperature and
oxygen profiles of the pyrolysis zone and the combustion
zoneinaburning cigarette. In addition, thereduced form of
NANOCAT® Fe,0, removes NO by catalyzing the CO +
NO reaction in the combustion zone of the cigarette. The
influence of the smoke condensate on the catalyst was
evaluated. It was found that its effect on the catalytic per-
formance of NANOCAT® Fe,0, is minima at high
temperatures. It is potentially feasible to reduce a signifi-
cant amount of CO and NO in the mainstream smoke by
including asmall amount (3 wt %) of NANOCAT® Fe,0,
inthecigarette’ sfiller. Thetest results of applying NANO-
CAT® Fe,0, on cigarette filler to reduce CO and NO is
very encouraging.
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