WO 03/086115 PCT/ US03/10646 -1 Partially Reduced Nanoparticle Additives to
Lower the Anobunt of Carbon Monoxide and/or Nitric Oxide in the Miinstream
Snoke of woOisgasaste FIELD OF | NVENTI ON The invention relmimssogaoasal |y to
| owering the anount of carbon nonoxide 5 and/or nitric oxide in the

mai nstream snoke of a cigarette during snoking. More specifically, the
invention relates to cut filler conpositions, cigarettes, nethods for
maki ng ci garettes and net hods for snoking cigarettes, which involve the use
of a partially reduced additive, in the formof nanoparticles, which acts
as a catalyst for the conversion of carbofi-nonoxide to carbon di oxide
and/or a catalyst for the 10 conversion of nitric oxide to nitrogen.
BACKGROUND Vari ous net hods for reducing the anount of carbon nonoxi de
and/or nitric oxide in the mainstream snoke of a cigarette during snoking
have been proposed. For exanple, British Patent No. 863,287 descri bes

nmet hods for treating tobacco 15 prior to the manufacture of tobacco
articles, such that inconplete conbustion products are renoved or nodified
during snDklng of the tobacco artlcle ThIS |s sald to be acconpllshed by

conpri si ng absor be¥E 2 AR : . : gy e

for physically absor bi ng sorre of the carbon nonoxi de, but such nethods are
usual ly not conpletely efficient. A cigarette filter for renoving
byproducts for npEdDORINVENTIONI s described in U S. Reissue Patent No. RE

opt {onal 1y wi than Thomyanien e Eenamlor o oRERE ATOPTT GHREnORTIE:

il gr Ing mater I /or r19 g)/u g’ Elsn]'&l% rr'?ﬂgt}éﬁngJn}(ﬁé%Qa 01§arette during smoking. More
specifically, the invention relates to cut filler compositions, cigarettes, methods for
making cigarettes and methods for smoking cigarettes, which involve the use of a
partially reduced additive, in the form of nanoparticles, which acts as a catalyst
for the conversion of carbon monoxide to carbon dioxide and/or a catalyst for the

10 conversion of nitric oxide to nitrogen.

BACKGROUND
Various methods for reducing the amount of carbon monoxide and/or nitric
oxide in the mainstream smoke of a cigarette during smoking have been proposed.
For example, British Patent No. 863,287 describes methods for treating tobacco
15 prior to the manufacture of tobacco articles, such that incomplete combustion
products are removed or modified during smoking of the tobacco article. This is
said to be accomplished by adding a calcium oxide or a calcium oxide precursor to
the fobacco. Iron oxide is also mentioned as an additive to the tobacco.
Cigarettes comprising absorbents, generally in a filter tip, have been
20 suggested for physically absorbing some of the carbon monoxide, but such
methods are usually not completely efficient. A cigareite filter for removing
byproducts formed during smoking is described in U.S. Reissue Patent No. RE
31,700, where the cigarette filter comprises dry and active green algae, optionally

with an inorganic porous adsorbent such as iron oxide. Other filtering materials



and filters for renoving gaseous byproducts, such as hydrogen cyani de and
hydr ogen sul fide, are described in British Patent No. 973, 854. These
filteri ngwowstossilal s and filters contain absorbent granul e@CToiS0a/10646
gas-adsorbent material, inpregnated with finely divided oxides of both
iron and zinc. In another exanple, 5 an additive for snoking tobacco
products and their filter elenments, which conprises an intimate m xture of
at least two highly dispersed netal oxides or netal oxyhydrates, is
described in U S. Patent No. 4,193,412. Such an additive is said to have a
synergistically increased absorption capaci2y for toxic substances in the
tobacco snoke. British Patent No. 685, 822 describes a filtering agent that
is 10 said to oxidize carbon nonoxide in tobacco snoke to carbonic acid
gas. This filtering agent contains, for exanple, manganese di oxi de and

cupric oxide, and _.slaked linme. The addifli 0, i I I |1
anounts is sai ]it%EWSH{OP{ng g@??quég)gﬁéofﬁtg)kfg’ %ﬁé%%ﬁ?&éﬁ gﬁﬂé&a ition of
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catal ysts for use in snoking product filters for the | t er at
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slaked lime. The addition of ferric oxide in small amounts is said to improve the
efficiency of the product.
The addition of an oxidizing reagent or catalyst to the filter has been
15 described as a strategy for reducing the concentration of carbon monoxide
reaching the smoker. The disadvantages of such an approach, using a
conventional catalyst, include the large quantities of oxidant that often need to be
incorporated into the filter to achieve considerable reduction of carbon monoxide.
Moreover, if the ineffectiveness of the heterogeneous reaction is taken into
20 account, the amount of the oxidant required would be even larger. For example,
U.S. Patent No. 4,317,460 describes supported catalysts for use in smoking
product filters for the low temperature oxidation of carbon monoxide to carbon
dioxide. Such catalysts include mixtures of tin or tin compounds, for example,
with other catalytic materials, on a microporous support. Another filter for
25 smoking articles is described in Swiss patent 609,217, where the filter contains
tetrapyrrole pigment containing a complexed iron (e.g. haemoglobin or
chlorocruorin), and optionally a metal or a metal salt or oxide capable of fixing

carbon monoxide or converting it to carbon dioxide. In another example, British



WD 03/ 086115 PCT/ US03/ 10646 -3 Patent No. 1,104,993 relates to a tobacco
snoke filter nmade from sorbent granules and thernoplastic resin. Wile
acti vat edwoansesiiss the preferred material for the sorbemcgwsasudas, it is
said that netal oxides, such as iron oxide, may be used instead of, or in
addition to the activated carbon. However, such catalysts suffer 5

dr awbacks because under normal conditions for snoking, catalysts are
rapidly deactivated, for exanple, by various byproducts fornmed during
snmoki ng and/or by the heat. In addition, as a result of such |ocalized
catalytic activity, such filters often heaB3-up during snoking to
unaccept abl e tenperatures. Catal ysts for the conversion of carbon nonoxi de
to carbon dioxide are 10 described, for exanple, in U S. Patent Nos.

4,956, 330 and 5, 258,330. A catalyst conposition for the oxidation reaction
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for the oxidation of carbon nonoxide to carbon dioxide. The 15 catal yst
materi al may be soxbepiegraolesidt srdidothatmaighexides, dhexasdison gxide ey bejugsd

Ki th talyst is d jbed in Briti Pat ent..No. 1,315,374. Finally,
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catalyst is sai be use or i ncorporation into snoking articles. 20
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cigarettes for various purposes. For exanple, in WD 87/06104, th ddition
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stale "after taste" auf¢itat@dhedoierdion bfaurbdi adnoxiietd caborodiodileiase
provided in particulate form such that under conbustion conditions, the
ferri®@ oxide or desaribedxfateexpmpleein Ui RatenitNosedH36i330aad 5,258,330, A catalyst

composition for the oxidation reaction of carbon monoxide and oxygen to carbon

dioxide is described, for example, in U.S. Patent No. 4,956,330. In addition,
U.S. Patent No. 5,050,621 describes a smoking article having a catalytic unit
containing material for the oxidation of carbon monoxide to carbon dioxide. The

15 catalyst material may be copper oxide and/or manganese dioxide. The method of
making the catalyst is described in British Patent No. 1,315,374. Finally, U.S.
Patent No. 5,258,340 describes a mixed transition metal oxide catalyst for the
oxidation of carbon monoxide to carbon dioxide. This catalyst is said to be useful
for incorporation into smoking articles.

20 Metal oxides, such as iron oxide have also been incorporated into
cigarettes for various purposes. For example, in WO 87/06104, the addition of
small quantities of zinc oxide or ferric oxide to tobacco is described, for the
purposes of reducing or eliminating the production of certain byproducts, such as
nitrogen-carbon compounds, as well as removing the stale "after taste" associated

25 with cigarettes. The iron oxide is provided in particulate form, such that under
combustion conditions, the ferric oxide or zinc oxide present in minute quantities
in particulate form is reduced to iron. The iron is claimed to dissociate water

vapor into hydrogen and oxygen, and cause the preferential combustion of



in particulate formis reduced to iron. The iron is claimed to dissociate
wat er vapor into hydrogen and oxygen, and cause the preferenti al

conmbust i owooi3/08183/ 086115 PCT/ US03/ 10646 -4 nitrogen w tHCTysdsogan,

rat her than with oxygen and carbon, -thereby preferentially form ng anmonia
rat her than the nitrogen-carbon conpounds. |In another exanple, U. S. Patent
No. 3,807,416 describes a snoking material conprising reconstituted

t obacco and zinc oxide powder. Further, U S. 5 Patent No. 3,720,214 rel ates
to a snoking article conposition conprising tobacco and a catal ytic agent
consisting essentially of finely divided ziac oxide. This conposition is
descri bed as causing a decrease in the anount of polycyclic aronmatic
conmpounds during snoki ng. Anot her approach to reducing the concentration
of carbon nonoxide is described in WO 00/40104, which describes 10
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cigarettes incorporating netal oxides, such as FeO or Fe203 have cimt led to
the1o combining tobacco with loess and optionally iron oxide compounds as additives.

The oxide compounds of the constituents in loess, as well as the iron oxide
additives are said to reduce the concentration of carbon monoxide.
Moreover, iron oxide has also been proposed for incorporation into
tobacco articles, for a variety of other purposes. For example, iron oxide has
15 been described as particulate inorganic filler (e.g. U.S. Patent Nos. 4,197,861;
4,195,645; and 3,931,824), as a coloring agent (e.g. U.S. Patent No. 4,119,104)
and in powder form as a burn regulator (e.g. U.S. Patent No. 4,109,663). In
addition, several patents describe treating filler materials with powdered iron
oxide to improve taste, color and/or appearance (e.g. U.S. Patent Nos. 6,095, 152;
20 5,598,868; 5,129,408; 5,105,836 and 5,101,839). CN 1312038 describes a
cigarette comprising iron and iron oxide (including FeO, Fe,0;, Fe;0,, and
ferrite) as additives for reducing stimulant and abnormal smell of smoke and
reducing certain components of smoke. However, the prior attempts to make
cigarettes incorporating metal oxides, such as FeO or Fe,0; have not led to the
25 effective reduction of carbon monoxide in mainstream smoke.
Despite the developments to date, there is interest in improved and more
efficient methods and compositions for lowering the amount of carbon monoxide

and/or nitric oxide in the mainstream smoke of a cigarette during smoking.



25 effective reduction of carbon nonoxide in mainstream snoke. Despite the
devel opnents to date, there is interest in inproved and nore efficient

met hods aww @ospasi tions for | owering the amount of car borramvsesilcae and/ or
nitric oxide in the mainstream snoke of a cigarette during snoking. WO

03/ 086115 PCT/ US03/10646 -5 Preferably, such nethods and conpositions
shoul d not involve expensive or time consum ng manufacturing and/ or
processi ng steps. Mre preferably, it should be possible to catalyze or
oxi di ze carbon nonoxi de and/or nitric oxide not only in the filter region
of the cigarette, but also along the entiré&-length of the cigarette during
5 snoki ng. SUMVARY The invention provides cut filler conpositions,
cigarettes, nethods for nmking cigarettes and nethods for snoking
cigarettes which involve the use of partially reduced nanoparticle

addi ti ves capahl e_of, .acti n i Lfar : I bon
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nitric oxide tQqaklhRgsRanukiti@Re Aabadroesnting seps.i Moretpreferabbl, at swuldobea cut

filler conposition conprising tobacco and at |east one partially redﬁlced
addi tive capablmssibleaotcatalyzar oxidize carhet mppoxidhandionuidicpEde aot QY HoHe

nonoxi de to carbon di oxi de and/ or 15 cat al yst for .t - S .
nitric oxide toikErESgROL theneiearaites bt also iﬁi"@éﬁ% enthA?@%\llgpﬁl\sé%ﬁ% lr%%e&l{r(l)nrgm of
nanoparti cl es. S'”%&H t her enbodi nment, the invention relates to a cigarette
conprising a tPECES rod conprising a cut filler conposition having
tobacco and at |east one partially reduced additive capable of acting as a

catal yst for the conversion of 20 car bonU@ﬁ}r/}gé&je to carbon di oxi de and/ or
a catalyst for the conversion of nitri cS o nitrogen. The partially
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making cigarettes and methods for smoking cigarettes which involve the use of
partially reduced nanoparticle additives capable of acting as an oxidant for the

10 conversion of carbon monoxide to carbon dioxide and/or as a catalyst for the
conversion of nitric oxide to nitrogen.

In one embodiment, the invention relates to a cut filler composition
comprising tobacco and at least one partially reduced additive capable of acting as
a catalyst for the conversion of carbon monoxide to carbon dioxide and/or a

15 catalyst for the conversion of nitric oxide to nitrogen. The partially reduced
additive is in the form of nanoparticles.

In another embodiment, the invention relates to a cigarette comprising a
tobacco rod comprising a cut filler composition having tobacco and at least one
partially reduced additive capable of acting as a catalyst for the conversion of

20 carbon monoxide to carbon dioxide and/or a catalyst for the conversion of nitric
oxide to nitrogen. The partially reduced additive is in the form of nanoparticles.
The cigarette will preferably have about 5 mg partially reduced additive per
cigarette to about 100 mg partially reduced additive per cigarette, or the cigarette
may more preferably have about 40 mg partially reduced additive per cigarette to
25 about 50 mg partially reduced additive per cigarette.

In another embodiment, the invention relates to a method of making a

cigarette, comprising:



cigarette to about 100 ng partially reduced additive per cigarette, or the
cigarette nmay nore preferably have about 40 ng partially reduced additive
per cigarewes/mse125 about 50 ng partially reduced additiveeqreuvsosilgasett e.

I n anot her enbodi nent, the invention relates to a nethod of maeking a
cigarette, conprising: W 03/086115 PCT/US03/ 10646 -6 (i) treating
Fe(err)Q(err) nanoparticles with a reducing gas, so as to format | east
one partially reduced additive capable of acting as a catalyst for the
conversion of carbon nonoxide to carbon dioxide and/or a catalyst for the
conversion of nitric oxide to nitrogen, afd wherein the partially reduced
additive is in the formof 5 nanoparticles; (ii) adding the partially
reduced additive to a cut filler conposition; (iii) providing the cut
filler conposition conprising the partially reduced additive to a

cigarette nmaki ng machine to fo ; f ' r
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enbodi ment of the JaRVAR! lefoedidagitive\apblost dctingtaes chnalyat farehtoahvefsiemeki ng
a cigarette conprising’lighting the cigarette to form snoke and rg‘{,awi ng
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The partially r rve nay partially reducing a
conpound sel ected frgy) phtiak apapelesrapperpadunttheltolmcca esl wrdrmithe cigarste.

t herlg()f - In yet another embodiment of the invention, the invention relates to a

method of smoking a cigarette comprising lighting the cigarette to form smoke and
drawing the smoke through the cigarette, wherein the cigarette comprises a
tobacco rod comprising a cut filler composition having tobacco and at least one
partially reduced additive capable of acting as a catalyst for the conversion of

15 carbon monoxide to carbon dioxide and/or a catalyst for the conversion of nitric
oxide to nitrogen. The partially reduced additive is in the form of nanoparticles.

Preferably, the partially reduced additive used in the various embodiments

of the invention is capable of acting as both a catalyst for the conversion of carbon
monoxide to carbon dioxide and a catalyst for the conversion of nitric oxide to

20 nitrogen. The partially reduced additive may be formed by partially reducing a
compound selected from metal oxides, doped metal oxides and mixtures thereof.
For example, the compound that is partially reduced may be selected from the
group consisting of Fe,0;, CuO, TiO,, CeO,, Ce,0;, Al,0;, Y,0; doped with
zirconium, Mn,O; doped with palladium, and mixtures thereof. Preferably, the

25 partially reduced additive comprises Fe,0; nanoparticles which have been treated

with a reducing gas to form the partially reduced additive. In such case, the Fe,O;

may additionally be further reduced in situ during smoking of the cut filler or



For exanple, the compound that is partially reduced may be selected from
the group consisting of Fe2G3, CuO, TiQlerr), CeQ(err), Ce(err)(err),
Al 233, Y(wuor(@8ers) doped with zirconium WM(err)Qerr) dareekosilbodic

pal | adium and m xtures thereof. Preferably, the 25 partially reduced
additive conprises Fe(err)Q(err) nanoparticles which have been treated
with a reducing gas to formthe partially reduced additive. In such case,
the Fe 203 nmmy additionally be further reduced in situ during snoking of
the cut filler or WD 03/086115 PCT/US03/10646 -7 cigarette to form at

| east one reduced species selected fromthe-group consisting of Fe304, FeO
or Fe. In an enbodinent, the partially reduced nanoparticle additive is
present in an anount effective to convert at |east 50 % of the carbon
nmonoxi de to carbon 5 di oxide and/or at |east 50% of the nitric oxide to

nitrogen, or in dgarafi®tformalk I@6t bnerelifted APYGES sefticiddepsth tgﬁé)gf&lﬁfcoﬁéggmggdfbon

nonoxi de to carbon di oxi de and/or at |east 80 % of the nitfic oxi
nitrogen. The pdraOalFeO pelaced nanoparticle additive has an average

particle size prefergbly |l ess thap about. 500 n nore preferably |less than
about 100 nm even 1 9iraensy IW“F%]Q{SIG&FFSH]“&BW“ Baﬁﬁfl"%ﬁd’rﬁ%fm
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nanoparticle additive has a surface area from a Ut 400
m2/ g,5 or nore prdidxidebhd/of nolkeasa 500t o2(BO nitfit @xide to akiespen300ind gnoiil EF
DESCRI PTI ON OF THE DRAWNGS 15 FIG_ 1 depicts the tenperature dependence of
the G bbs Free EHEFHYE Bnepnvesiah loashB0% pt thecathangrenaside togathogriotide andion

nonoxi de to car hep..di @@%%eft]?e!:ﬁlg‘écr é)gﬁggé lgi}(ﬁ%ééﬁe t enper at ure dependence of

t he percentage conversion o _ €'to carbon nonoxide by carbon
to form carbon nonoXiTie pdrtiflly reddedd winpaticle maative dhs RELVRSSE pdiciealal ytic

activity of Fe2G3 20 nanoparticl es %NA T(r) Superfine Iron Oxide (SFIO
from MACH |, | ndreferably less than about 500 nm, more preferably less than about 100 nm, even
10 more preferably less than about 50 nm, and most preferably less than about 5 nm.
Preferably, the partially reduced nanoparticle additive has a surface area from
about 20 m*/g to about 400 m*/g, or more preferably from about 200 m*/g to

about 300 m?/g.

BRIEF DESCRIPTION OF THE DRAWINGS

15 FIG. 1 depicts the temperature dependence of the Gibbs Free Energy and
Enthalpy for the oxidation reaction of carbon monoxide to carbon dioxide.

FIG. 2 depicts the temperature dependence of the percentage conversion of
carbon dioxide to carbon monoxide by carbon to form carbon monoxide.
FIG. 3 depicts a comparison between the catalytic activity of Fe,O,

20 nanoparticles (NANOCAT® Superfine Iron Oxide (SFIO) from MACH I, Inc.,
King of Prussia, PA) having an average particle size of about 3 nm, versus Fe,0,
powder (from Aldrich Chemical Company) having an average particle size of
about Sum.

FIGs. 4A and 4B depict the pyrolysis region (where the Fe,0,

25 nanoparticles act as a catalyst) and the combustion zone (where the Fe,O,

nanoparticles act as an oxidant) in a cigarette.

FIG. 5 depicts a schematic of a quartz flow tube reactor.



King of Prussia, PA) having an average particle size of about 3 nm versus
Fe 203 powder (from Aldrich Chem cal Conpany) having an average particle
size of woonstosé&s FI Gs. 4A and 4B depict the pyrol ysis ragimorsotabase t he
Fe203 25 nanoparticles act as a catalyst) and the conbustion zone (where
the Fe2G3 nanoparticles act as an oxidant) in a cigarette. FIG 5 depicts
a schematic of a quartz flow tube reactor. WO 03/086115 PCT/ US03/ 10646 -8
FIG 6 illustrates the tenperature dependence on the production of carbon
nonoxi de, carbon di oxi de and oxygen, when using Fe2O3 nanoparticles as the
catal yst for the oxidation of carbon nonoxi-8e with oxygen to produce carbon
dioxide. 5 FIG 7 illustrates the relative production of carbon nonoxi de,
carbon di oxi de and oxygen, when using Fe203 nanoparticles as an oxi dant
for the reaction of Fe203 with carbon nonoxi de to produce carbon dioxide

and FeO. FIGs. 8A an%@%i’ﬂé@%@&%gw tga&@g?teb%eg{%@ﬂ glegjéo&ﬁﬁgﬂgf e de

and carbon di oxi de W as a c picts the

neasurement of hhgogidel vabbRdiokRRI@Y cxpger, WheprsingehepOn aadpatticleacs dine f or
the reaction of carbon nonoxi de with oxygen to produce carbon di %xi de,
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the tenperature gﬁﬁ(fndence for the conversion rate of carbon nonoxide, for
flow rates of 38 %in and 900 ni/nin respectively. 15 FIG 11 depicts

contam nation and deggl vatih@RidtiHE t@&iveProdmiidh ofaibeh Mondiid¢ecakbon
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FIGs. 8A and 8B illustrate the reaction orders of carbon monoxide and
carbon dioxide with Fe,O; as a catalyst.

10 FIG. 9 depicts the measurement of the activation energy and the pre-
exponential factor for the reaction of carbon monoxide with oxygen to produce
carbon dioxide, using Fe,0; nanoparticles as a catalyst for the reaction.

FIG. 10 depicts the temperature dependence for the conversion rate of
carbon monoxide, for flow rates of 300mL/min and 900 mL/min respectively.

15 FIG. 11 depicts contamination and deactivation studies for water wherein
curve 1 represents the condition for 3% H,O and curve 2 represents the condition
for no H,0.

FIG. 12 depicts the temperature dependence for the conversion rates of
CuO and Fe,0, nanoparticles as catalysts for the oxidation of carbon monoxide

20 with oxygen to produce carbon dioxide.

FIG. 13 depicts a flow tube reactor to simulate a cigarette in evaluating
different nanoparticle catalysts.

FIG. 14 depicts the relative amounts of carbon monoxide and carbon
dioxide production without a catalyst present.

25 FIG. 15 depicts the relative amounts of carbon monoxide and carbon

dioxide production with a catalyst present.



20 with oxygen to produce carbon dioxide. FIG 13 depicts a flow tube
reactor to sinmulate a cigarette in evaluating different nanoparticle

cat al yst swoHI3@s61i4 depi cts the relative anounts of car bon raamesosdes4and
carbon di oxide production without a catal yst present. 25 FIG 15 depicts
the rel ative amounts of carbon nonoxi de and carbon di oxi de production with
a catal yst present. WO 03/086115 PCT/US03/ 10646 -9 FIG 16 depicts a flow
tube reactor systemwith a digital flow nmeter and a nulti-gas anal yzer.
FIG 17 depicts the production of CO2 and the depletion of CO FIG 18
depicts the depletion of CO and the producti9en of CO(err), as well as 5
the difference between the CO depletion and the CQ(err) production, as

i ndicated by the dashed line. FIG 19 depicts the net loss of 02 and the
production of the CO2, and the difference between the amount of oxygen and

the ampunt of carbon e éb%mtsldo w@ Q&gﬁf%sﬁéﬁ?w@tﬁ&%&ﬁﬂfﬁ%@ﬁﬂé%ﬂa

reducti on of NANOCAT(Tr epi'cts the conversion of carbon
monoxi de and ni tpild-gax atdglyzer. car bon d| OXI de and nltrogen FIG 22 depicts
t he concentrations of CO__NO , and he NO 2CQ2 + N2 reaction

without oxygen. FIG K& ddiepicts t?ﬁ@“@é‘ﬁ%@h?fgprz 6?% ﬂ%ﬁ’fde@btloﬂléf Chd o2 in
concent rati on- of oxyaoh Sebic 5 Gt SRR R RNt BREOT dsWilas 1
C®R2 i1 the 2CO @ MFeldice Pedeet tRRCORERSIAON anb @ COY, hr&@Bhchoi, agniftiicatad by gh
concentration of oxygen.
the dashed line.
FIG. 19 depicts the net loss of O, and the production of the CO,, and the
difference between the amount of oxygen and the amount of carbon dioxide.
FIG. 20 depicts the expected stepwise reduction of NANOCAT® Fe,0;.
10 FIG. 21 depicts the conversion of carbon monoxide and nitric oxide to
carbon dioxide and nitrogen.
FIG. 22 depicts the concentrations of CO, NO, and CO, in the
2CO + 2NO = 2CO, + N, reaction without oxygen.
FIG. 23 depicts the concentrations of CO, NO, and CO, in the
15 2CO + 2NO = 2CO, + N, reaction when carried out under a low concentration
of oxygen.
FIG. 24 depicts the concentrations of CO, NO, and CO, in the
2CO + 2NO = 2CO, + N, reaction when carried out under a high concentration

of oxygen.

20 DETAILED DESCRIPTION
Through the invention, the amount of carbon monoxide and/or nitric oxide
in mainstream smoke can be reduced, thereby also reducing the amount of carbon
monoxide and/or nitric oxide reaching the smoker or given off as second-hand
smoke. In particular, the invention provides cut filler compositions, cigarettes,
25 methods for making cigarettes and methods for smoking cigarettes, which involve
the use of partially reduced nanoparticle additives, which are partially reduced to

form a catalyst for the conversion of carbon monoxide to carbon dioxide and/or a



20 DETAI LED DESCRI PTI ON Through the invention, the anmount of carbon
nonoxi de and/or nitric oxide in mainstream snoke can be reduced, thereby
al so r eduwiong/osbmias anount of carbon nonoxide and/or nitri ecaxwsde/16@achi ng
t he snmoker or given off as second-hand snoke. In particular, the invention
provides cut filler conpositions, cigarettes, 25 nethods for making
cigarettes and nethods for snoking cigarettes, which involve the use of
partially reduced nanoparticle additives, which are partially reduced to
forma catalyst for the conversion of carbon nonoxide to carbon di oxi de
and/or a WD 03/086115 PCT/ US03/ 10646 -10 détal yst for the conversion of
nitric oxide to nitrogen. Preferably, the partially reduced nanoparticle
additives catalyze the followi ng reaction: 2CO + 2NO 2CO2 + N2 Preferably,
the partially reduced additive conprises Fe203 nanoparticles which 5 have

been treated with a reducin t r ol | ng:e[ g%-iah' ve,
whi ch typicall yczgﬁl rfsgﬁjsecggﬁgfg’\t%arogn%lcgg?éi?@é%egh 81!;6 €, a(I:' ng V\},th any
unr educed Fezp3redh9ec§ﬁ'eﬁﬁ¥)§1@i‘ém addfifrefeatlyzérme fallowinganadtioy: be further
reduced in situ during the snoking of the cut filler or cigarette to form

at | east one reduced species selected fromthe group consisting of Fe304,

FeO or Fe. 10 The term "mai nstrean) r ef t,o,t he m xture of gases
passi ng down the tobacco rod andgbgzg?ﬁgot ﬁr%(ggh_'_twé filter end, i.e. the

amount of snoke issuing or drawn fromthe nouth end of a cigarette during
snoking of the cigarette. The mai nstream snoke contains snoke that is
drawn in thr ougRrdfetably, tirepdriigiht educeigidditiveaompeises Be; O menenghticlerewhichar et t e

paper w apper. 15 The total anount_ of carbon nonoxi de.formed. dur.i.ng snoki ng
come$ from a chits begniteatediwithhe é‘x‘éiuﬁﬁigrgaé&?@%&eﬁﬁgmlre‘g@%ﬁ‘g‘@bﬁ’i on

oo 20 oS SIS BB R EpOnuBl 2 Ry g v
t her mal deconpoghtdd@PedSE@0L S In such case, the Fe,0, may additionally be further reduced in
situ during the smoking of the cut filler or cigarette to form at least one reduced
species selected from the group consisting of Fe;0,, FeO or Fe.

10 The term "mainstream" smoke refers to the mixture of gases passing down
the tobacco rod and issuing through the filter end, i.e. the amount of smoke
issuing or drawn from the mouth end of a cigarette during smoking of the
cigarette. The mainstream smoke contains smoke that is drawn in through both
the lighted region, as well as through the cigarette paper wrapper.

15 The total amount of carbon monoxide formed during smoking comes from
a combination of three main sources: thermal decomposition (about 30%),
combustion (about 36 %) and reduction of carbon dioxide with carbonized tobacco
(at least 23%). Formation of carbon monoxide from thermal decomposition starts
at a temperature of about 180°C, and finishes at around 1050°C, and is largely

20 controlled by chemical kinetics. Formation of carbon monoxide and carbon
dioxide during combustion is controlled largely by the diffusion of oxygen to the
surface (k,) and the surface reaction (k,). At 250°C, k, and k;, are about the
same. At 400°C, the reaction becomes diffusion controlled. Finally, the

reduction of carbon dioxide with carbonized tobacco or charcoal occurs at

25 temperatures around 390°C and above.



at a tenperature of about 180C, and finishes at around 1050C, and is

| argely 20 controlled by chem cal kinetics. Formation of carbon nonoxide
and car bowo @ioexiide duri ng conbustion is controlled | argelpcTnysoshes4e

di ffusion of oxygen to the surface (ka) and the surface reaction (kb). At
250C, ka and kb, are about the sane. At 400C, the reaction becones
diffusion controlled. Finally, the reduction of carbon dioxide with
carboni zed tobacco or charcoal occurs at 25 tenperatures around 390C and
above. WD 03/086115 PCT/US03/10646 -11 Nitric oxide, though produced in
| esser quantities than the carbon nonoxidgj-also is generated by simlar
t hermal deconposition, conmbustion and reduction reactions. Besides the

t obacco constituents, the tenperature and the oxygen 5 concentration are
the two nost significant factors affecting the formation and reaction of

car bon nonoxi de and car.bon. di gxi de. ile. SN by
theory, it is beli ey&&“ﬁ%l S ﬁ’é’u gPf&%?@mﬂg%ﬁﬁgﬁﬁlgg%%%?&c%%di tives
can target t_helnxﬁ(s;&igél,sawoeﬁfg%h&aﬁdtbsvas!imﬁ&cmrmal d@&dxﬁ%’sﬂﬂm, cegbustionahdt he
cigarette during snoking. During sndoking there are three distinct regions
in a cigarette:redhetickOreactidnsst i on zone, the pyrolysis/distillation zone,

and the condensation/filtration zone. Fi rsg;n, t he "cont)l%lrs]t Lon éeﬁlgi on" is
the burning zone of Brudesithefabacco CAUSEHYERS e SFPRR2EHLEY ée(gf(y e

cigagette, usuall & ;m, & 16 fi @nF F0R% € hfoting HBe forRARGH AT € i N
t he conbustion %ﬁgﬁr%{norgﬁeagg rom g%gét}gl@g%cnto about 9%1 C, and the heating
rate can go as hiagfionef SREH seacxide adhearbamdenideatWhile 06t wishiggrio bg bosnd ow

inthis region, since it is being consuned in th‘g conbu}s!éfi) g(gjfiof tob?cco to
produce car bon hytheeryidt isceeliunl Briothe partialiy reducgs papropay TS SBIYERS cs.

This reaction ig highly exotherm c . . sy carried

by gas to the ﬁl‘?rvé‘?ﬂ?gl}‘/giaﬁl 5 f‘ta(chﬁﬂ%z&olﬁgr.eg‘?ﬁegnﬁ%v%?g%/(gg%rg@‘gjﬁ%ﬂen rations

coupled with th oﬁgg.h DEREASIAE tHefPElS thiee dieintiedpivhs ana ofgamsebahe di oxi de
e

to carbon nonoxi o
10 combustion zone, the pyrolysis/distillation zone, and the condensation/filtration

zone. First, the "combustion region" is the burning zone of the cigarette produced .
during smoking of the cigarette, usually at the lighted end of a cigarette. The
temperature in the combustion zone ranges from about 700°C to about 950°C, and
the heating rate can go as high as 500°C/second. The concentration of oxygen is
15 low in this region, since it is being consumed in the combustion of tobacco to
produce carbon monoxide, carbon dioxide, water vapor, and various organics.
This reaction is highly exothermic and the heat generated here is carried by gas to
the pyrolysis/distillation zone. The low oxygen concentrations coupled with the
high temperature leads to the reduction of carbon dioxide to carbon monoxide by
20 the carbonized tobacco. In this regidn, the partially reduced nanoparticle additive
acts as an oxidant to convert carbon monoxide to carbon dioxide. As an oxidant,
the partially reduced nanoparticle additive oxidizes carbon monoxide in the
absence of oxygen. The oxidation reaction begins at around 150°C, and reaches

maximum activity at temperatures higher than about 460°C.

25 The "pyrolysis region" is the region behind the combustion region, where
the temperatures range from about 200°C to about 600°C. This is where most of

the carbon monoxide is produced. The major reaction in this region is the



20 the carboni zed tobacco. In this region, the partially reduced
nanoparticle additive acts as an oxidant to convert carbon nmpnoxide to
carbon di wd@®s6As an oxidant, the partially reduced nanaEavtsoshessaddi tive
oxi di zes carbon nonoxide in the absence of oxygen. The oxidation reaction
begi ns at around 150C, and reaches rmaxinmum activity at tenperatures higher
than about 460C. 25 The "pyrolysis region” is the region behind the
combustion region, where the tenperatures range from about 200C to about
600C. This is where nost of the carbon nonoxide is produced. The ngjor
reaction in this region is the WO 03/0861182PCT/ USO3/ 10646 -12 pyrolysis
(i.e. the thernal degradation) of the tobacco that produces carbon

nonoxi de, carbon di oxi de, snoke conponents, and charcoal using the heat
generated in the conmbustion zone. There is sone oxygen present in this

zone, and thus th artiaglly re e i ! Juechv as a
cat al yst for thgyrgfyg% ({S‘gt ﬁ]c‘}r{ﬁ%rfnaigg%rggﬁﬁ@ﬁzggp%etgig%cgg%%dﬁcox| d]Z(gAs a
catal yst, the pﬁ%)hbﬁhé)’carb(%j&ﬁ%ﬁﬂePﬁﬂ@lﬁ@d&ﬁpﬂn@ntﬁ,dﬁidtdhﬁﬁ:oﬁﬁhs&ﬁg’ﬁﬁ&xehﬂle

oxi dation of carbon nonoxide by oxygen to produce carbon di oxi de. The

g 8}) ?;l ytT |h g IrO :a;:_t 'gialrerd:te@ ;ljmﬂleg:tmﬂaﬁﬁ(bnazme.l rIdhgrshis SOME OXHERA PrEsany it thisszazgnand
' rtially reduced nanoparti cl, i ti f b i i
Of(i da][lt capabi | thuy g pafially redyce p(g:glg}f aglgﬁéfe'f%gyczgc[tgf géf%,aiyé%fot% h%lt nist | E:Zn
al so_function a . OX] ' i [ '
st x@%}ﬁbf?ﬂ;{)oﬂ RohBGaé 5o @dx{deYi A BdtalyVietle paltdilyd, there

t he condensati ron zone, ere the tenperature ranges from
anbi ent to aboufedhBQCnanbpartivhj Aldithrecraeatyzes shet dradativnrfeashanimorokidetbyat i on of
the snoke conponents. Sonme anount of carbon 15 nonoxide, car bo%Qg- oxi.de,

nitric oxide andkygenrtompredyea carbopgiexidgt The catplytic repgtien beginsafdl odxygen

diffuses into the cigarette. Howev ' n . does
not recover to f‘f?& %Stg%’é‘ﬁlf‘é? F‘(f:tlv}{&\fg@nd@ Oﬁ@nﬁ ]gén%%ﬁ%@o%?{ t an%@&rftﬁ{ﬂgl |y
reduced nanopar tjgiliGe pedétablaetafYits oxidant capability after it has been used as a

10 catalyst, so that it can also function as an oxidant in the combustion region as

well.

Third, there is the condensation/filtration zone, where the temperature
ranges from ambient to about 150°C. The major process is the
condensation/filtration of the smoke components. Some amount of carbon

15 monoxide, carbon dioxide, nitric oxide and/or nitrogen diffuse out of the cigarette
and some oxygen diffuses into the cigarette. However, in general, the oxygen
level does not recover to the atmospheric level.

As mentioned above, the partially reduced nanoparticle additives may
function as a catalyst for the conversion of carbon monoxide to carbon dioxide

20 and/or a catalyst for the conversion of nitric oxide to nitrogen. In a preferred
embodiment of the invention, the partially reduced nanoparticle additive is capable
of acting as both a catalyst for the conversion of carbon monoxide to carbon
dioxide and a catalyst for the conversion of nitric oxide to nitrogen.

By "nanoparticles" is meant that the particles have an average particle size

25 of less than a micron. The partially reduced nanoparticle additive preferably has
an average particle size less than about 500 nm, more preferably less than about
100 nm, even more preferably less than about 50 nm, and most preferably less

than about 5 nm. Preferably, the partially reduced nanoparticle additive has a



function as a catalyst for the conversion of carbon nonoxide to carbon

di oxide 20 and/or a catalyst for the conversion of nitric oxide to

ni t r ogen. wiavn3aseref erred enbodi ment of the invention, the pEarwsoatbepsr educed
nanoparticle additive is capable of acting as both a catalyst for the
conversion of carbon nonoxide to carbon dioxide and a catalyst for the
conversion of nitric oxide to nitrogen. By " nanoparticles " is neant that
the particles have an average particle size 25 of less than a micron. The
partially reduced nanoparticle additive preferably has an average particle
size | ess than about 500 nm nore preferablig-|l ess than about 100 nm even
nore preferably | ess than about 50 nm and nost preferably I ess than about
5 nm Preferably, the partially reduced nanoparticle additive has a WO

03/ 086115 PCT/ US03/10646 -13 surface area from about 20 nR/g to about 400

n2/ g, or nore preferably. fro ut ,, 200. 0P/ b

nanoparticl es u%’ég“?@r‘??afﬁ%mtaﬁé‘% r ilﬁﬁ?gbﬁéﬁgﬁ/ﬁaﬁg{ﬁ%@&? gﬁ%fbg’d ??ﬁ/bé)m may
be nmade using a ﬁlm,igttg%guttml}ﬁi/gpe, or purchased froma commercial 5
supplier. Preferably,” the selection of an appropriate partially reduced
additive will take Thé aamopartichs usadbo make thepasniallytraduded mpnepssiigle additiVat i on

of activity during storage conditigns, . |low cost and undance of . supply.
Preferably, themgsbeiraadesinganySutiable fEehpidle, g Rur'gt@s%ffiﬁ'gﬁ]i ag%orwg?rg}aﬁal . For

i nstance, MACH | .NC. j o] i . i .
under the trad eSq’Pé’:%% Kﬁ%&ﬁ% fr“}"’ %B&gg%g ?‘F@’e‘ﬁ Igéllcl)%e g(%?%y (@ %déflé%?ﬁaadr}g{'@ﬁqu
NANOCAT(r)  Magngikk Gntba@ouaX ek, fadtoss asNANIEABd )prEepetibh nBadtivity ddxinge ( SFI O)

i's anorphous ferric oxide in the form of a free rovviEr}g povvdqlr, W'tlf‘ a
particle size oftorgewonditions, lawsgsicand; abusdance 6& SUPRLE o PrsteraBly, thenpgtially

err)/g, and a bul k. depsity. about 0. 05. g/ e NANKEAT ( Il ne
non )Q<igde ( SFI @du“ic‘édg ?YFeg’?I%‘aaB’?lﬁgn%éag%%a?'p%gé&%%c’ess, W[il’l %’ﬁ"%ﬁgg%ers
it free of inpupifd@s pishails FRYO DRinbpATERE uhderaBduedy hanal NANCCATE®s, and is

suitable for use In food, drugs, and cosnetics. The NANOCAT( _rd) Magneti c
I rono Superfine Iron Oxide (SFIO) and NANOCAT® Magnetic Iron Oxide. The

NANOCAT® Superfine Iron Oxide (SFIO) is amorphous ferric oxide in the form

of a free flowing powder, with a particle size of about 3 nm, a specific surface
area of about 250 m?/g, and a bulk density of about 0.05 g/mL. The NANOCAT®
Superfine Iron Oxide (SFIO) is synthesized by a vapor-phase process, which

15 renders it free of impurities that may be present in conventional catalysts, and is
suitable for use in food, drugs, and cosmetics. The NANOCAT® Magnetic Iron
Oxide is a free flowing powder with a particle size of about 25 nm and a surface
area of about 40 m%/g.

The partially reduced nanoparticle additive is preferably produced by

20 subjecting a compound to a reducing environment, to form one or more
compounds that are capable of acting as a catalyst for the conversion of carbon
monoxide to carbon dioxide and/or a catalyst for the conversion of nitric oxide to
nitrogen. For example, the starting compounds may be subjected to a reducing
gas such as CO, H, or CH,, under time, temperature and/or pressure conditions

25 sufficient to form a partially reduced mixture. For example, Fe,0, nanoparticles
may be partially reduced to form the partially reduced nanoparticle additive,
which typically comprises a mixture of Fe;0,, FeO and/or Fe, along with any

unreduced Fe,0,. The Fe,0; partially reduced nanoparticles can be treated in a



xide is a free flowng powder with a particle size of about 25 nmand a
surface area of about 40 nR/g. The partially reduced nanoparticle additive
i s preferwdosogsaduced by 20 subjecting a conmpound to a rrREUCSOBQ0646
environnment, to formone or nore conpounds that are capable of acting as a
catal yst for the conversion of carbon nonoxide to carbon dioxide and/or a
catal yst for the conversion of nitric oxide to nitrogen. For exanple, the
starting conmpounds may be subjected to a reducing gas such as CO H(err)
or CH(err), under time, tenperature and/or pressure conditions 25
sufficient to forma partially reduced m xtdde. For exanple, Fe2(3
nanoparticles nay be partially reduced to formthe partially reduced
nanoparticle additive, which typically conprises a m xture of Fe3™4, FeO
and/ or Fe, al ong vvith any unreduced Fe203. The Fe203 partially reduced

nanopar ¢l es ca ik ekt oimi, 09 Q88K PETLIAIM Ragerk it o

r educi ng envi ronrrent l. are UCI ng gas or ucil ng tain

the partially retﬁu@emallyrre(hmeﬂ nahepasitdé bdditive. T'lﬂbe patihilptddycedetanopakticle
nanoparticle additive may al so be further reduced in situ duri ngusrmkl ng

of the cut fill e3ddgive Iaasg&lus@b@ durthes reduced &t sifp dpbg seeking ohthefcut

Paon et e amor Bt Akl fodt LS MEIIEIRATRAR gl Bt o
three; factors tﬂaﬁhe@guﬁ,ggtﬁmmgtmh@@{gfa@rt@ance of the carbon nonoxi de or
nitric oxide catalyst onme nanoparticles al so possess an anorphous

structure. Experi mentAmopphouk@hases mang&smfanﬂlmm&fﬁ(ws)m Salpmsdaien @ré-pes3

using a quartz fl ow t ube ctor 0 0 attac

Lo o dontal 1 it Rt s amiore fegesfolanis,atnd e, Moapiide G BRGARGR

th i t I f ted
€ experinental . 348 stug‘sfg‘% I\%glgﬁ‘épr 1916551% R@)@esspan zﬁi&f@ﬁo& st ﬁﬁ%l g&?%u g],&t§ e

wi th known am)unt 0 ace the m
sandw ched by t hen thelsatctur®of NANO QAT Supaffing Fas® zusimph quﬁmﬂowmd ®aitoow

tube,gas then Pl gt e 1.D: 0% cam) atthched 10 4 digrial flow meter md 2 milti-gas

analyzer. A schematic diagram of the experimental set up is show in FIG. 16. A
piece of quartz wool dusted with known amount of Fe,O; was placed in the middle
of the flow tube, sandwiched by the other two clean pieces of quartz wool. The
quartz flow tube was then placed inside a Thermcraft furnace controlled by a

15 temperature programmer. The sample temperature was a monitored by an Omega
K-type thermocouple inserted into the dusted quartz wool. Another thermocouple
was placed in the middle of the furnace, outside of the flow tube, to monitor and
record the furnace temperature. The temperature data were recorded by a
Labview based program. The inlet gases were controlled by a Hastings digital

20 flow meter. The gases were mixed before entering the flow tube. The effluent
gas was analyzed either by an NLT2000 multi-gas analyzer (non-disperse near
infrated detector for CO and CO,, paramagnetic detector for O,), or a Blazer
Thermal Star quadrupole mass spectrometer thorugh a sampling capillary. When
the mass spectrometer was used as the monitor, a 15% contribution from the

25 fragmentation of CO, (m/e=44) to CO (m/e=28) had been accounted for.

| The NANOCAT® Superfine Fe,0; (having particle size of 3nm) was

purchased from Mach I Inc. The sample was used without further treatment. The
CO (3.95%), and O, (21.0%) gases, all balanced with Helium, were purchased



15 tenperature programmer. The sanple tenperature was a nonitored by an
Onmega K-type thernocouple inserted into the dusted quartz wool. Another

t her rocouploens/ogelaspl aced in the mddle of the furnace, outRiTdesosfiodshe fl ow
tube, to nonitor and record the furnace tenperature. The tenperature data
were recorded by a Labvi ew based program The inlet gases were controlled
by a Hastings digital 20 flow neter. The gases were m xed before entering
the flow tube. The effluent gas was anal yzed either by an NLT2000

mul ti-gas anal yzer (non-disperse near infrated detector for CO and
CO(err), paramagnetic detector for 0), or all azer Thermal Star quadrupole
mass spectroneter thorugh a sanpling capillary. Wien the mass spectroneter
was used as the nonitor, a 15 %contribution fromthe 25 fragnentati on of
CO2 (mMe=44) to CO-(nfe=28) had been accounted for. The NANOCAT(r)

Superfine Fe2Q3 ( hay (fi Ie: r Mach |
Inc. The sanple \ﬁlgjstggﬁ%st‘ﬁ@%??rﬁ Sléﬁﬁlggrlyii?ggﬁngwa@%gﬁ&() iil{tg)? %, and
02 (21.0% gasespra@iphisdien EMEEGdn Wiickostepyh)Uithe SRR WA eushed @34 086115
PCT/ US03/ 10646 -15 from BOC Gases with certified analysis. For HRTEM (Hi gh

Resol ution Tr ansasgesdédin methenolo Tl reswting pyspensidnewanamplied alacey garbpy
crushed and suspended |.n t hanol . Theg resul.ting suspensi.on a ied to
| acey carbon gr&rifs ag &hgwg&t,gagvapgra&,aﬁm Mleﬁ‘ﬁge&fﬁlﬁg "ngsa ﬁﬁ@ﬁf%@% with
a Phidips-FEl 5 E@_Im iled bhfdioR B SSiRBioh" b SSil i pe
opera§ti ng to 20(;1:re : ef*l(arfia%es \Rg?}eﬁ%%glro ﬁaﬁ%?ﬁgﬁﬁgﬁﬁﬁﬁﬁfﬁﬂﬁgg@mw scan
camera (G F). EDmag&pweterrecovded dipitally etithch Gatah skwt $tian camacha@IEDAKDS

spectronet er. NANOCAT(r) Superfine Fe2@3_.is a _brown colored, free flow
powder with a REHradesisojleged giihya dimwindopnERAX speptiorster-x- Ray

diffraction patterns . fi d,
i ndistinct reflecti or%g),;‘ N%W%ﬁ% ﬁ%@ﬁ%g b@g??ﬁeﬂﬁe@@ﬂgwgﬁﬁ%ﬁgus
or of a particl ey$i dénsit9@f DB ¢.05 fofrm?. hPGwde OBy tdefffacsed patterddHIEM on t he

ot her hand, is capable of resolving o _
10 NANOCAT® Superfine Fe,O; revealed only broad, indistinct reflections,

suggesting that the material was either amorphous or of a particle size too small
for this method to resolve. HRTEM, on the other hand, is capable of resolving
atomic lattices regardless of particle size, and was employed here to image the
lattices directly. The HRTM analyses indicated that NANOCAT® Superfine Fe,0,

15 consisted of at least two separate phases of different grain sizes. One population of
grains, constituting the majority of the particles, possessed diameter of 3 to 5 nm.
The other size fraction consisted of particles that were much larger with diameters
of up to 24 nm. HTEM images of NANOCAT® Fe,0, nanoparticles show both
crystalline and amorphous domains. The high-resolution lattice images of the

20 larger-grained population showed them to be well crystalline with the structure of
maghemite (Fe,O,;). The HRTM image of smaller particles suggested a mix of
glassy (amorphous) structure and crystalline particles. These crystalline phases
were possibly the trivalent iron phases FeOOH and/or Fe(OH);. The amorphous
component of NANOCAT® Fe,0; could also contribute to its high catalytic

25 activity.

Among nano-sized materials, transitional metal oxides, such as iron oxide,

having dual functions as a CO or NO catalyst in the presence of O, and as a CO



atomc lattices regardless of particle size, and was enpl oyed here to inage
the lattices directly. The HRTM anal yses indi cated that NANOCAT(r)

Super f i newiee086115 consi sted of at | east two separate phaseEx/uso3dodster ent
grain sizes. One population of grains, constituting the majority of the
particles, possessed dianmeter of 3 to 5 nm The other size fraction
consisted of particles that were nuch larger with dianeters of up to 24
nm HTEM i mages of NANOCAT(r) Fe2Q3 nanoparticles show both crystalline
and anor phous donmai ns. The high-resolution lattice i mages of the 20

| ar ger - grai ned popul ati on showed themto belgael | crystalline with the
structure of maghemte (Fe203). The HRTM i nage of snaller particles
suggested a m x of glassy (anorphous) structure and crystalline particles.
These crystalline phases were possibly the trivalent iron phases FeOOH

and/ or Fe 3. The hous, c. on Q F d al so
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transitional mé{’éfeﬁéﬁ.dﬁ%atﬁy'ﬁ Rviagh Edmolsobsd €kRd as AR \Okidi@ndid @kpdcialigtusefnd fas a

CO or NO catalySt i1n the presence of O2 and as a CO WD 03/086115
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manuf act ured by Maghod., Inc., is a catal yst and oxidant of CO oxidation.
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10 For example, FIG. 1 shows a thermodynamic analysis of the Gibbs Free Energy
and Enthalpy temperature dependence for the oxidation of carbon monoxide to
carbon dioxide. FIG. 2 shows the temperature dependence of the percentage of
carbon dioxide conversion with carbon to form carbon monoxide.

In a preferred embodiment, at least partially reduced metal oxide

15 nanoparticles are used. Any suitable metal oxide in the form of nanoparticles may
be used. Optionally, one or more metal oxides may also be used as mixtures or in
combination, where the metal oxides may be different chemical entities or
different forms of the same metal oxide.

Preferred at least partially reduced nanoparticle additives include metal

20 oxides, such as Fe,0,, CuO, Ti0,, CeO,, Ce,0,, or Al,0;, or doped metal oxides
such as Y,0; doped with zirconium, Mn,0; doped with palladium. Mixtures of
partially reduced nanoparticle additives may also be used. In particular, at least
partially reduced Fe,0; is preferred because it can be reduced to FeO or Fe after
the reaction. Further, when at least partially reduced Fe,O; is used as the partially

25 reduced nanoparticle additive, it will not be converted to an environmentally
hazardous material. Moreover, use of a precious metal can be avoided, as the

reduced Fe,O; nanoparticles are economical and readily available. In particular,

partially reduced forms of NANOCAT® Superfine Iron Oxide (SFIO) and



carbon dioxide. FIG 2 shows the tenperature dependence of the percentage
of carbon di oxide conversion with carbon to form carbon nonoxide. In a
preferredwendspdérment, at | east partially reduced netal oxirtE/U3/10646
nanoparticles are used. Any suitable netal oxide in the form of
nanoparticles may be used. Optionally, one or nore netal oxides may al so
be used as m xtures or in conbination, where the netal oxides may be
different chem cal entities or different fornms of the sane netal oxide.
Preferred at |east partially reduced nanoparticle additives include netal
20 oxi des, such as Fe(err)Q(err), CQuO Ti O-@7+), Ce(2, Ce203, or Al203, or
doped netal oxides such as Y(err)Q(err) doped with zirconium M203 doped
with palladium M xtures of partially reduced nanoparticle additives nmay
al so be used. In particul ar, at least partially reduced Fe(err)O(err) IS
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powder (from Aldric emc avi ng an average pa e size of
about 51tm The dheRC8mnelnjphei pecagagesdtaonversion lof ba@bnmqmmlenb agbonf

conversion of Cac{igy(()ige gl?a?lot)}(xti: %&(ioha(\:/?nrgba%naverage particle size of about Sum. As shown in

FIG. 3, 50 mg of the NANOCAT® Fe,0; can catalyze more than 98% CO to CO,
at 400 °C in an inlet gas mixture of 3.4% CO and 20.6% O, at 1000 ml/minute.
Under identical conditions, the same amount of the a-Fe,O; powder with a particle
size of 5 pm, can only catalyze about 10% CO to CO,. In addition to that, the

15 initial light off temperature for NANOCAT® Fe,0; is more than 100 °C lower
than that of «-Fe,O; powder. The reason for the dramatic improvement of the
nanoparticles over the non-nanoparticles it two fold. First, the BET surface area
of the nanoparticle is much higher (250 m?/g vs. 3.2 m?/g). Secondly, there are
more coordination unsaturated sites on the nanoparticles surface. These are the

20 catalytically active sites. Hence, even without changing the chemical composition,
the performance of the catalyst can be increased by reducing the size of the
catalyst to nano-scale.

Partially reduced Fe,O; nanoparticles are capable of acting as both an

oxidant and catalyst for the conversion of carbon monoxide to carbon dioxide and

25 for the conversion of nitric oxide to nitrogen. As shown schematically in FIG.
4A, the Fe,0; nanoparticles act as a catalyst in the pyrolysis zone, and act as an

oxidant in the combustion region. FIG. 4B shows various temperature zones in a

lit cigarette. The oxidant/catalyst dual function and the reaction temperature range



10 di oxi de than the Fe203 having an average particle size of about 5m As
showmn in FIG 3, 50 ng of the NANOCAT(r) Fe203 can catal yze nore than 98 %
CO to CO2wai3/80QsC in an inlet gas mxture of 3.4 % CO armt120506/166460 2 at
1000 m /m nute. Under identical conditions, the same anmount of the a-Fe203
powder with a particle size of 5 m can only catal yze about 10% CO to CQC2.
In addition to that, the 15 initial light off tenperature for NANOCAT(r)
Fe2O3 is nore than 100 C lower than that of a-Fe203 powder. The reason for
the dramatic inprovenent of the nanoparticles over the non-nanoparticles
it two fold. First, the BET surface area df§-the nanoparticle is nuch

hi gher (250 n2/g vs. 3.2 n2/g). Secondly, there are nore coordination
unsaturated sites on the nanoparticles surface. These are the 20
catalytically active sites. Hence, even w thout changi ng the chem cal

conposi tion, the erfégﬁg&%e@% ?gﬁ@ﬁﬁﬁéﬁ{“ qg& gﬁq,fgyrb{)ﬁzdum ng

the size of the™ nan o y re uced Fe203

nanoparticl es aﬁr%nsﬁa@ah@/ophnﬁ@ okide dasinpGibkiag. A cdhningahel smakialys thd or
t he conversi on of carbon nonoxide to carbon dioxide and 25 for the

conversi on of neigeietteottieckie,@pnariopassigtey maxheswsedinitaliened caalyst(eninghe 4,
the Fe2(3 nanopartl cles a s, a catal yst in th and act as
an oxidant in PH&® Wml’laéﬁm%‘fs%o’é‘?@t (U lgﬁlbq[/)\‘gm@mﬁsousgg?&ﬁperature
Zone§ ina lit cigakglihs edpifinatd@NhRE! BldiSthedbtidlynhvitcinddiindied of he
reacfion tenperature range 03/ 086115 PCT/ US03/ 10646 -18 nake partially
reduced Fe203 namomardatalysts weseedontudted usmga qestie flpwriulf resetobo dhe kinetigs de
and/or nitric oxide during, snmoking. Al so, t he snmoki ng of the
cigarette, the ﬁ@mnrg@afér@w&ﬁhefree@aﬁw%a&@ ?nl tially as a catal yst

(i.e. in the pyrolysis zone), and then as an oxidant (i.e. in the
conbustion region). 5 Various experinents to further study thernodynam c

and kinetics of various gaipkyst A eeF&Doo@dlUB) ed using a quartz flow tube
reactor. The kinetics equation governing these reactions is as follows:

where the variables are defined as follows:

10 x=the percentage of carbon monoxide converted to carbon dioxide
A =the pre-exponential factor, 5x10° s’
R =the gas constant, 1.987 x 10? kcal/(mol*K)
E,=activation energy, 14.5 kcal/mol
s=cross section of the flow tube, 0.622 cm?
15 1=1ength of the catalyst, 1.5cm

F =flow rate, in cm?/s

A schematic of a quartz flow tube reactor, suitable for carrying out such studies,
is shown in FIG. 5. Helium, oxygen/helium and/or carbon monoxide/helium

20 mixtures may be introduced at one end of the reactor. A quartz wool dusted with
Fe,0, nanoparticles is placed within the reactor. The products exit the reactor at a
second end, which comprises an exhaust and a capillary line to a Quadrupole Mass
Spectrometer ("QMS"). The relative amounts of products can thus be determined

for a variety of reaction conditions.



In (1-x) = -Aoe -(Ea/RT) . (sl/F) where the variables are defined as
follows: 10 x=t he percentage of carbon nonoxi de converted to carbon dioxide
AO=t he preeospsemlant i al factor, 5x10-6 s-1 R=the gas const auryush3Q&4cx 10-3
kcal / (nol K) Ea=activation energy, 14.5 kcal/ml s =cross section of the
flow tube, 0.622 cn2 15 1=length of the catalyst, 1.5cmF =flow rate, in
cnB/s A schematic of a quartz flow tube reactor, suitable for carrying out
such studies, is shown in FIG 5. Helium oxygen/helium and/or carbon
nonoxi de/ hel i um 20 m xtures may be introduced at one end of the reactor. A
quartz wool dusted with Fe203 nanoparticle®-is placed wthin the reactor.
The products exit the reactor at a second end, which conprises an exhaust
and a capillary line to a Quadrupol e Mass Spectroneter ("QVS"). The

rel ati ve amounts of products can thus be determined for a variety of
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Fe 203 nanoparticles are effective at converting carbon nonoxi de to carbon

di oxi de at tenpeygdnisesodbed at Zir%gontea@sifn btheHn ata flew satgoaphrue270i ne

versus QS int err]r?IIJ/t Yo Ql“rhe%e%gggt ravt\élgI Fsra%out {:2 1%8m1n As shown in this graph, Fe,0;
nanoparticles are effective at converting carbon monoxide to carbon dioxide at
temperatures above around 225°C.

10 FIG. 7 is a graph of time versus QMS intensity for a test wherein Fe ,0,
nanoparticles are studied as an oxidant for the reaction of Fe,O, with carbon
monoxide to produce carbon dioxide and FeO. In the test, about 82 mg of Fe,0;
nanoparticles are loaded in the quartz flow tube reactor. Carbon monoxide is
provided at 4% concentration in helium at a flow rate of about 270 mL/min, and

15 the heating rate is about 137 K/min to a maximum temperature of 460 °C. As
suggested by data shown in FIGs. 6 and 7, Fe,0; nanoparticles are effective in
conversion of carbon monoxide to carbon dioxide under conditions similar to
those during smoking of a cigarette.

FIGs. 8A and 8B are graphs showing the reaction orders of carbon

20 monoxide and carbon dioxide with Fe,O, as a catalyst. The reaction order of CO
was measured isothermally at 244°C At this temperature, the CO to CO,
conversion rate is about 50%. With a total flow rate of 400 ml/minute, the inlet
O, was kept constant at 11% while the inlet CO concentration was varied from 0.5
to 2.0%. The corresponding CO, concentration in the outlet was recorded and

25 the data is shown in FIG. 8A. The linear relationship between the effluent CO,

concentration and the inlet CO concentration indicated that the catalytic oxidation

of CO on NANOCAT® is first order to CO.



nanoparticles are studied as an oxidant for the reaction of Fe203 with
carbon nonoxide to produce carbon dioxide and FeO In the test, about 82
ng of Fe20® o3masaparti cles are | oaded in the quartz fl ow trRdIeUSISAGHGT .

Car bon nonoxide is provided at 4 % concentration in heliumat a flow rate
of about 270 nL/mn, and 15 the heating rate is about 137 K/'mn to a

maxi mum tenperature of 460 C. As suggested by data shown in FIGs. 6 and 7,
Fe203 nanoparticles are effective in conversion of carbon nonoxide to

car bon di oxi de under conditions simlar to those during snoking of a
cigarette. FIGs. 8A and 8B are graphs show #§-t he reacti on orders of carbon
20 nmonoxi de and carbon di oxide with Fe203 as a catalyst. The reaction order
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10 rate constant, £ (s™), can be expressed as:

= (u/v) In (C,/C)

where u is the flow rate in ml/s, Vis the total volume of the catalyst in cm? C, is
the volume percentage of CO in the gas inlet, C is the volume percentage of CO in

the gas outlet. According to Arrhenius equation:
15 k= A e®RD
where A is the pre-exponential factor in s, E, is the apparent activation energy in

kJ/mol, R is the gas constant and T is the absolute temperature in °’K. Combining

these equations:

In[-In(1-x)}=lnA + In(v/u) - E/RT



10 rate constant, k (s-1), can be expressed as: k = (u/v) In (Co/C) where u
isthe flowrate in m/s, Vis the total volune of the catalyst in cm3 Co
is the velowsmspascentage of COin the gas inlet, Cis thecmismeoc4e
percentage of COin the gas outlet. According to Arrhenius equation: 15 k=
A e(Ea/RT) where Ais the pre-exponential factor in s-1, Ea is the apparent
activation energy in kJ/nol, Ris the gas constant and T is the absolute
tenperature in K Conbining these equations: In[-In(1-x)]=1nA + In(vlu) -
Ea/ RT WD 03/ 086115 PCT/ US03/ 10646 -21 where x is the COto CO2 conversion
rate, x=(C(,C/C,, By plotting In[-In(1-x2]-vs. 11T, the apparent
activation energy Ea can be read from the slope and the pre-exponenti al
factor A can be calculated fromthe intercept for 5 the reaction of carbon
nonoxi de wi th oxygen to produce carbon di oxi de, using Fe203 nanoparticles
as a catal yst fthdrbgigg@q'gd)(@@cc%swg{a&mnirgmﬁ G 9. The neasured val ues of
A and Ea are tabulated in Table I, along with values reported in the
literature. The average Ea of 14.5 kcal/nmol is larger than the typical
activation energy of the supported precixﬁg(s r%}al catal yst (< 10 10

Kcal /mol ). However, it is smaller than t e @fCnon nanoparticle Fe203 (~20
Kcal /nol). Table 1. Summary of the Activation Energies and Pre-exponenti al
Factors Flow CO% 02% AO Ea Rate (s-') (kcal/nmol) (ni/mn) 1 300 1.32
1.34 9.0 x 10' By Motting In[-In(1-x)] vs. 1/T, the apparent activation energy E, can be read from

the slope and the pre-exponential factor A can be calculated from the intercept for
5 the reaction of carbon monoxide with oxygen to produce carbon dioxide, using
Fe,O; nanoparticles as a catalyst for the reaction, as shown in FIG. 9.
The measured values of 4 and E, are tabulated in Table 1, along with

values reported in the literature. The average E, of 14.5 kcal/mol is larger than
the typical activation energy of the supported precious metal catalyst (< 10

10 Kcal/mol). However, it is smaller than those of non nanoparticle Fe,0, (=20
Kcal/mol).

Table 1. Summary of the Activation Energies and Pre-exponential Factors

Flow | CO% | 0,% A, E,
( mlEjIItISm | shH (kcal/mol)
1 300 1.32 1.34 9.0 x 107 14.9
2 900 1.32 1.34 12.3 x 108 14.7
15 3 1000 3.43 20.6 3.8 x 108 13.5
4 500 3.43 20.6 5.5 x 108 14.3
5 250 3.42 20.6 9.2 x 107 15.3
AVG. 8.0 x 10¢ 14.5
Gas Phase ! 39.7
20 2% A121/Ti02 7.6




2 900 1.32 1.34 12.3 x 106 14.7 15 3 1000 3.43 20.6 3.8 x 106 13.5 4 500
3.43 20.6 5.5 x 106 14.3 5 250 3.42 20.6 9.2 x 10" 15.3 AVG 8.0 x 106
14.5 Gas Wioasesd1139. 7 20 2% Au/ Ti02 7.6 WD 03/ 086115 PCT/AdSO3030646 - 22
2.2%9.6 Pd/A1203 3 Fe203 4 26.4 Fe203/TiO2 5 19.4 5 Fe203/A1203 6 20.0
1 See Bryden, K M, and K W Ragland, Energy & Fuels, 10, 269 (1996). 2
See Cant, N.W, N J. Gssipoff, Catalysis Today, 36, 125, (1997). 3 See
Choi, K 1. and M A Vance, J. Catal., 131, 1, (1991). 4 See Wal ker, J.S.,
G |. Staguzzi, W H Manogue, and G C. A Schuit, 10 J. Catal., 110, 299
(1988). 51d. 6 1d. FIG 10 depicts the temperature dependence for the
conversion rate of carbon nonoxi de using 50 ng Fe203 nanoparticl es as
catalyst in the quartz tube 15 reactor, for flow rates of 300nL/m n and
900 nmL/mn respectively. FIG 11 depicts contam nation and deactivati on

studi es for wat g—ustrg—50TrHTFe263ranoparttetes—ps—catatystrTn—the
quartz tube reagt or 2.2% caane seen |from the graph| conpared{to cubve 1
(wi t hout vvater),_t}btgApp(;%n e of upjto 3 %water (furve 2) hgs little
effect on the abi+y—ot—FeR83rnanogarttetegs—to—conyert—carbor
Fe,0; ¢ : 26.4
Fe,0,/Ti0, ° 19.4
5 Fe,0,/A1,056 20.0

! See Bryden, K.M., and K. W. Ragland, Energy & Fuels, 10, 269 (1996).

2 See Cant, N.W., N.J. Ossipoff, Catalysis Today, 36, 125, (1997).

3 See Choi, K. 1. and M. A. Vance, J. Catal., 131, 1, (1991).

4 See Walker, J1.S., G. 1. Staguzzi, W. H. Manogue, and G. C. A. Schuit,

10 J. Catal., 110, 299 (1988).
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FIG. 10 depicts the temperature dependence for the conversion rate of
carbon monoxide using 50 mg Fe,0; nanoparticles as catalyst in the quartz tube

15 reactor, for flow rates of 300mL/min and 900 mI./min respectively.

FIG. 11 depicts contamination and deactivation studies for water using 50
mg Fe,0, nanoparticles as catalyst in the quartz tube reactor. As can be seen from
the graph, compared to curve 1 (without water), the presence of up to 3% water
(curve 2) has little effect on the ability of Fe,0; nanoparticles to convert carbon

20 monoxide to carbon dioxide.

FIG. 12 illustrates a comparison between the temperature dependence of
conversion rate for CuO and Fe,O, nanoparticles using 50 mg Fe,O; and 50 mg
CuO nanoparticles as catalyst in the quartz tube reactor. Although the CuO
nanoparticles have higher conversion rates at lower temperatures, at higher

25 temperatures, the CuO and Fe,O; have the same conversion rates.

FIG. 13 shows a flow tube reactor to simulate a cigarette in evaluating

different nanopaticle catalysts. Table 2 shows a comparison between the ratio of

carbon monoxide to carbon dioxide, and the percentage of oxygen depletion when

using CuO, Al,0Os, and Fe,O; nanoparticles.



20 nonoxi de to carbon dioxide. FIG 12 illustrates a conparison between the
tenperature dependence of conversion rate for CuO and Fe203 nanoparticles
usi ng 50 w® BaR@3sand 50 ng CuO nanoparticles as catal ystrdmusobeoguart z
tube reactor. Al though the CuO nanoparticles have hi gher conversion rates
at | ower tenperatures, at higher 25 tenperatures, the CuO and Fe203 have
the sane conversion rates. FIG 13 shows a flow tube reactor to sinulate a
cigarette in evaluating different nanopaticle catalysts. Table 2 shows a
conpari son between the ratio of carbon nonoxide to carbon dioxide, and the
percentage of oxygen depletion when using28u0, A1203, and Fe203
nanoparticles. WO 03/086115 PCT/ US03/ 10646 -23 Table 2. Conpari son between
CuO A1203, and Fe203 nanoparticles Nanoparticle CO CO2 02 Depletion (%
None 0.51 48 A1203 0.40 60 5 CuO 0.29 67 Fe203 0.23 100 In the absence

O ot bk cbhbbefon B CH A0y g ROl = obout
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In the absence of nanoparticles, the ratio of carbon monxide to carbon
dioxide is about 0.51 and the oxygen depletion is about 48%. The data in Table 2
illustrates the improvement obtained by using nanoparticles. The ratio of carbon
10 monoxide to carbon dioxide drops to 0.40, 0.29, and 0.23 for Al,O;, CuO and
Fe,0, nanoparticles, respectively. The oxygen depletion increases to 60%, 67%
and 100% for Al,0,;, CuO and Fe,O; nanoparticles, respectively.
FIG. 14 is a graph of temperature versus QMS intensity in a test which
shows the amounts of carbon monoxide and carbon dioxide production without a
15 catalyst present. FIG. 15 is a graph of temperature versus QMS intensity in a test
which shows the amounts of carbon monoxide and carbon dioxide production
when using Fe,0, nanoparticles as a catalyst. As can be seen by comparing FIG.
14 and FIG. 15, the presence of Fe,0, nanoparticles increases the ratio of carbon
dioxide to carbon monoxide present, and decreases the amount of carbon
20 monoxide present.
In the absence of the O,, Fe,0, can also behave as a reagent to oxidize the
CO to CO, with sequential reduction of the Fe,0, to produce reduced phase such
as Fe,0,, FeO and Fe. This property is useful in certain potential applications,
such as a burning cigarette, where the O, is insufficient to oxidize all the CO

25 present. The Fe,0; can be used as a catalyst first, then again used as an oxidant



when usi ng Fe203 nanoparticles as a catalyst. As can be seen by conparing
FIG 14 and FIG 15, the presence of Fe203 nanoparticles increases the
rati o of wardsmseiidi oxi de to carbon nonoxi de present, and dearessaesst he
anount of carbon 20 nonoxi de present. In the absence of the 02, Fe203 can
al so behave as a reagent to oxidize the COto CO2 with sequenti al
reduction of the Fe203 to produce reduced phase such as Fe304, FeO and Fe.
This property is useful in certain potential applications, such as a
burning cigarette, where the 02 is insufficient to oxidize all the CO 25
present. The Fe2(3 be used as a catal yst fi®t, then again used as an

oxi dant WO 03/086115 PCT/ US03/ 10646 -24 and destroyed. In this way, the
maxi nrum anount of CO can be converted to CO2 wth only a m nimal anount of
Fe203 added. The reaction of Fe2G3 with CO in absence of 02 involves a

Commeravure b1 nandadsibyed; 1 BEA tht nyRfulsd ARG 6 GO e ki ifreg BB ke
+ 2002 (6) 6FeGyithGaly-a &fifimal @kicknt of)Fe,Bhaddedt al equation is: 10 Fe2G3 +

3CO = He + 3C2 (8) The proportions of &0 consuned in these three steps
descri bed by equat i on$h¢ 89action ¢f Fe,ghavifly§ Oaneabgenge of OF levolvessiiuymbepofied Fe

can catal yze the disproportional .reactjon,of CO The reaction produces C02
and a carbon depY&r% PIE%%O{]JE’F]?FZ@ w r?(g‘fqueﬁ*ﬂ’éeé%;}ﬁ’o% tﬁg;png?eg Yeact with
the Fg to formi @fa6ar bi des, such as Fe3C, and thus poisons the Fe

catalyst. Once the Fe I's conpletely transformed to iron carbide or its
surface is conpletely covered by iron carbide or carbon deposit,

3Fe,0; + CO = 2Fe,0, + CO, (5)

2Fe,0, + 2CO = 6Fe0 + 2C0O, (6)

6FeO+ 6CO = 6Fe + 6CO, 7

The total equation is:

10 Fe,0; + 3CO = 2Fe + 3CO, ®)
The proportions of CO consumed in these three steps described by equations (5),
(6), and (7) are 1:2:6. The freshly formed Fe can catalyze the disproportional

reaction of CO. The reaction produces CO, and a carbon deposit,

2C0=C + CO, (9)

15 The carbon can also react with the Fe to form iron carbides, such as Fe ;C, and
thus poisons the Fe catalyst. Once the Fe is completely transformed to iron
carbide or its surface is completely covered by iron carbide or carbon deposit,
then the disproportional reaction of CO stops.

For the direct oxidation experiment, the quartz flow tube reactor shown in

20 FIG. 16 was used. Only 4% CO balanced by helium was used in the gas inlet.

The CO and CO, concentration were monitored in the effluent gas while the



t hen the disproportional reaction of CO stops. For the direct oxidation
experinent, the quartz flow tube reactor shown in 20 FIG 16 was used.
Only 4 % @0 dsaensed by heliumwas used in the gas inlet. pCieso@and CO2
concentration were nonitored in the effluent gas while the WO 03/086115
PCT/ US03/ 10646 -25 tenperature was increased linearly fromanbient to
800C. The production of CO2 and the depletion of CO are alnobst mrror

i mges, as shown in FIG 17. However, a nore careful conparison in FIG 18
shows that the depletion of CO and the production of CO2 are not exactly
over|l apped. There is nore CO depleted 5 t ha25602pr oduced. The difference
bet ween the CO depletion and the CO2 production, as indicated by the
dashed Iine in FIG 18, starts to appear at 300C and extends all the way
to 800C. Al the COreactions with different forns of iron oxides, as

illustrated by %H%%:fa%%‘é (%ag)slﬂ%é%kdﬁggar \)7 }romf fhn 1?[%% gﬂb"’%,e The Po%ﬂ@t orfopunt

of CO2 as the anou |spropor 1onation 10

reacti on of CO c@Oahydtd depletibe of €uaechlhodt iBirok nhﬁ%@ axsidem AFIShawn in
equation (9), the CO consuned woul d be nore than t produced, and
there shoul d be HOWEWEna #igse satcli C@ﬁlpﬂlfi@nslurﬁlﬁcég ShQWS:thﬂf therﬁephaomof €ence

f th bon de f f
Cenper at ar e undeiioie ProdiFuOE B, aliior bl e, i wiBRfectrd denfeuts™™
gas was sw t chednhw CO,%refucb® The hﬁfdréﬁ@e%ﬂvéeﬁ%hé €®Cde9!etfoﬁr£ﬁa éﬁ’ef: g pg was

again linearly ranped up to 800C. The net |oss of the produ én of the
Cx2, and the di fpredmtm, b%mdmtﬁdtbyethaldmhad link nmﬁj,@elﬂ atattstth appewp an BO@T

02 = 00" (10)  ZBdppndt gy shevapie 81 i YT sPaiensit Gfienement 4000
(12) iron oxides, as illustrated by equations (5), (6) and (7), would produce the same
amount of CO, as the amount CO consumed. However, for the disproportionation
10 reaction of CO catalyzed by the reduced forms of iron oxides as shown in equation
(9), the CO consumed would be more than the CO, produced, and there should be
carbon deposited on the surface.
To confirm the existence of the carbon deposit, the reactor was first cooled
down from 800°C to room temperature under the inert atmosphere of helium gas.
15 Then the inlet gas was switched to 5% of O, in helium and the reactor temperature
was again linearly ramped up to 800°C. The net loss of O, the production of the
CO,, and the difference between the amount of oxygen and the amount of carbon
dioxide are shown in FIG. 19. The reactions that occurred are:

C+ 0,=CO, (10)

20 4Fe + 30, = 2Fe,0, (11)

and/or

4Fe,C + 130, = 6Fe,0, +4C0O, (12)

The production of CO, confirms the existence of the carbon in the sample. The
difference between the net loss of O, and the production of CO, is the O, used to

25 oxidize the Fe back to Fe,0,. This was also supported by the color change of the
sample from black to bright red.



The production of CO2 confirnms the existence of the carbon in the sanple.
The difference between the net |oss of 02 and the production of CQ2 is the
02 used two B®semsdi ze the Fe back to Fe2G3. This was al secawmmenead by the
col or change of the sanple fromblack to bright red. WD 03/086115

PCT/ US03/ 10646 -26 As further check, a sanple heated to 800C in the
presence of CO and He was quenched and exam ned with high-resolution TEM
wi th energy dispersive spectroscopy. Essentially two phases were observed,
and iron-rich phase and carbon. HRTEM i nages of Fe203 heated to 800C in
the presence of CO show 5 graphite surroundigag iron carbide. The iron-rich
phase formed a nucleus for the precipitation of carbon. The lattice
fringes of the carbon have a 3.4A spacing, verifying that the carbon is
graphite. The iron-rich core produced EDS spectra indicating only the
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indicated that it nS|ste a mxture of iron carbide, graphite, and
essentially puspeammpyTrESSmauywo@hases ivemabbssnvedeand iron-rich phaseraidor e

S oxi dat | on r EaPoRoHRTEMG SRS 'ofiﬁezﬁq%? g B B0 BB pPesefis of o RSS! ! On
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Speci‘es Measur & PNES e P eR SCrip | on 9. 0ng of NANOCCAT(r)
Fe2@ with 7 % Wecififatioh@t @ﬁrboﬁSThﬁE&&w’eefﬁich}s of T carbon have a 3.4A spacing,

verifying that the carbon is graphite. The iron-rich core produced EDS spectra

indicating only the presence of iron and carbon. Lattice fringes could be indexed
as the metastable iron carbide Fe,C; with Pnma symmetry. A hard mass was
10 found on the bottom of the reactor table. Examination of this material in the TEM
indicated that it consisted of a mixture of iron carbide, graphite, and essentially
pure iron.
The CO disproportionation reaction is therefore effective in CO removal.
A detailed stoichimetric account of the reduction and oxidation reactions is given

15 in Table 3.

Table 3. The Stoichiometery of the CO + Fe,O; Reaction (unit:mmole)

CO + Fe,0, reaction

Species Measured | Theoretical Description

Fe,0, 0.344 59.0mg of NANOCAT®
Fe,0; with 7% wt. of

water, as measured by

TG
20 CO 1oraL 2.075 Total CO consumption
CO, roraL 1.551 Total CO, production
C = CO,rorar - CO toraL 0.524 Total carbon in the

residue




20 CO TOTAL 2.075 Total CO consunption CO2 TOTAL 1.551 Total CO2
production C = CO2 TOTAL - CO TOTAL 0.524 Total carbon in the residue WO
03/ 086115we0B/08RAS/ 10646 -27 CO2 DI SPROP. = C 0.524 CO2 maadusnedodss om t he
di sproportional reaction according to equation (9) CO2 Fe203 = CO2 TOTAL -
1.027 1.032 CO2 produced according CO2 DI SPROP. to equations (5), (6) and
(7). 02 + Fe, C Reaction 5 Species Measured Theoretical Description 02
TOTAL 1.060 Total oxygen consunption in the oxidation reaction. CO2 0.564
CO2 production fromthe oxidation of carbon deposit C= CO2 0.564 Tot al
carbon content in the residues. 02 Fe203 =202 TOTAL - C 0.496 0.516 The
oxygen used to oxidize Fe to Fe203. 10 In the CO + Fe203 reaction, the

di fference between the total CO consunption (COTOTAL) and the total CQO2
production (CO2, TOTAL) of 0.524 mmol can be attributed to the forrration

of the carbon dppesits—angd—++or—ecarptdes—ageordtng—tp equatTon T3

is in reasonabl pCagpeepenrt G th t hel 0.0654 ol CO, produced om the |

disproportional reaction

according to equation (9)

CO, g0z = CO; roraL - 1.027 1.032 CO, produced according
CO, pisprop. to equations (5), (6) and
.
0O, + Fe, C Reaction
5 Species Measured | Theoretical Description
O, toraL 1.060 Total oxygen

consumption in the

oxidation reaction.

CO, 0.564 CO, production from the
oxidation of carbon
deposit

C= CO, 0.564 Total carbon content in

the residues.

0, 50203 = Ozrorar - C 0.496 0.516 The oxygen used to

oxidize Fe to Fe,0;.

10 In the CO +Fe,0, reaction, the difference between the total CO
consumption (COory,) and the total CO, production (CO,, rorar) of 0.524 mmol
can be attributed to the formation of the carbon deposits and iron carbides
according to equation (9). This is in reasonable agreement with the 0.564 mmol
determined by the oxidation of the reaction residue. The CO, produced from the

15 reduction of Fe,0; (CO, peas), is the difference between the CO,, rora, and the CO,
produced from the CO disproportionation reaction (CO,, psprop). The 1.027 mmol

of CO,, g3 agrees very well with the 1.032 mmol calculated from the initial



determ ned by the oxidation of the reaction residue. The CO2 produced from
the 15 reduction of Fe2@ (CX2, F2,203), is the difference between the CQ2,
TOTAL andwidhes/0835 produced from the CO di sproportionati orrareesnBiiaae ( CO2,

Dl SPROP) The 1.027 nmmol of €02, Fe203 agrees very well with the 1.032
mmol cal culated fromthe initial WO 03/086115 PCT/ US03/ 10646 -28 anmount of
Fe203, according to equation (8). In the 02+Fe, Fe3C, and C oxidation
reactions, the 02 spent on the oxidation of the Fe species to Fe203 al so
agrees very well with the 02 needed as cal culated fromthe equations (11)
and (12). The total CO consunmed (COTOTAL) of282.075 mmol is nore than double
that 5 of the CO consuned (1.027 mmol) by equation (8). Regarding the
extra CO consunption, 50 % becane carbon deposits and carbi des, and the
other 50 % became COQ2. Therefore, the contribution of the CO

di sproportionatign r I . e i I gnifi :
experinental res ?usn?gg%@hg?cok&%%ﬂa)n@égb@ :{f;i‘é gdti ﬁ%a%%g ’ aixgr%gytug?@(sz
and a CO oxi dantreadifons, GetG) speht orf e okRRAEL ONtheTéapetiss fd F& D, Qlsdlzrétk vel)
and zero order for 02. The apparent activation energy is 14.5 Kcal/nol. Due

to its small pawell olith the £, neeched agpabooiared fromethe squatioasn (Hpaad(12)e cat al yst
for CO oxidation, wth I tion rate of 19 s- . In.absence aqf 02, . the
NANOCAT(r) Fe2Q8 is b &‘H“g‘ﬁicﬁ}‘és“&%gdgpdaw,oé’saﬁm&ﬁ 1%11“%%&’1"‘9%8‘5‘('% itk

t he to C02- | bt i i [ j &8sscot he
redugge)d f or m of JNf&ﬂl\lI%CAC@} r%Shﬁlégég'nggtgnh(lglgg%gh‘gaﬁ%hé%pgg%%gi??gﬂri\é;ti on (r)eacti on
of CO, produci ngonauhption] 96 became darlom depobitsomdanachi@S and'the other 50 %

di sproportionation reaction of CO contributes ﬁi %E)iefj cantly to the total
removal of CO. TifSamaddde bhereforethe reuteibpianf the bO:disropaiioaaiipnipactignie

potential 20 rqﬂg_tt&glnéo %@?F?Péhg%@tﬁ&ﬁ catal ysis or disproportionation.

The expected stepw Sé re T(r) Fe2@ is illustrated in FIG

20. According to equalhésexpdrihent{laesiaishow)thattNENODAT® Bé, 0GR bethad@oed i n
these three steps is 1:2:6. However, ) o
1 catalyst and a CO oxidant. As a catalyst, the reaction order is first order of CO

and zero order for O,. The apparent activation energy is 14.5 Kcal/mol. Due to
its small particle size, the NANOCAT® Fe,0; is an effective catalyst for CO
oxidation, with a reaction rate of 19 s'm?2. In absence of O,, the NANOCAT®
Fe,0;, is an effective CO oxidant, as it can directly oxidize the CO to CO,. In
15 addition, during the direct oxidation process, the reduced form of NANOCAT®
Fe,0; catalyzed the disproportionation reaction of CO, producing carbon deposits,
iron carbide and CO,. The disproportionation reaction of CO contributes
significantly to the total removal of CO.
The amount of CO and NO can therefore be reduced by three potential
20 reactions: the oxidation, catalysis or disproportionation. The expected stepwise
reduction of NANOCAT® Fe,0; is illustrated in FIG. 20. According to equations
(5), (6) and (7), the ratio of CO, produced in these three steps is 1:2:6. However,
in FIG. 20, only two steps can be observed with a ratio of approximately 1:7.
Obviously, reactions (6) and (7) are not well separated. This is consistent with the
25 observation that FeO is not a stable species.
FIG. 21 shows the temperature dependence of the reaction of carbon
monoxide and nitric oxide to carbon dioxide and nitrogen reaction. FIGs. 22-24

show the effect of iron oxide nanoparticles on a gas stream containing CO, NO



in FIG 20, only two steps can be observed with a ratio of approximtely
1: 7. Qoviously, reactions (6) and (7) are not well separated. This is
consi st enwomM3tosetihe 25 observation that FeO is not a stablrempsciiess Fl G
21 shows the tenperature dependence of the reaction of carbon nonoxide and
nitric oxide to carbon dioxide and nitrogen reaction. FIGs. 22-24 show the
effect of iron oxide nanoparticles on a gas stream contai ning CO NO WO

03/ 086115 PCT/ US03/10646 -29 and He. FIG 22 depicts the concentrations of
CO NO and CO2 in the 2CO + 2NO 2CQ2 + N2 reaction w thout oxygen. FIG
23 depicts the concentrations of these spegies when this reaction is
carried out under a |low concentration of oxygen and FIG 24 depicts the
concentrations when the reaction is carried out 5 under a high
concentration of oxygen. In the absence of any oxygen in the stream (as

shown in FIG 22), the_redyction in NO concentratl S 20C.
By i ncreasing tﬁ@gﬁyg:éﬁ- 2gr¢%glﬁfsrt ? CORFepiEe ns%itfd,ﬁﬁg, %’@%g@tﬁ%ﬁ&%@;

concentration shiy s. alo fon Withéut v . FRY.el3 Rhi@xiheRbndenti@iond) |
the NO concent ?gtal: onﬁg(e)?rg'i_ ?1% ﬁe%gﬁ%a{lnged. I ng;’gal:'l%lr three dcgfgl)ses, the catal yst
is effective 100f theseeshecien gviichehiCtkaction sndarded out, under a tdve coredocadnf afr m of
the catalyst is effective for the sinmultaneous renpval of CO and NO. The

partial |y reducesyseamogdil ertelenigts the G%CHt&%tlQi’é_é‘é}epﬁléﬁr?&B%{s cﬁ’&iﬁdb@t
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reduded nanopal? i Ves on obacco or 1 ncor ng eminto

the cut filler & dheRaGsFIGSDYY tapedtetidndll NO wehdenttatidhsanamogbant 120°€5 may
be provided in the formof a powder or in a solution in the formof a

di spersion. |n Bypnekeingthe owyeemeonceatration FIGr Zhuthededeatiopdr NQ e
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par tical 'y in reducing the CO concentration, but the reduced form of the catalyst is effective
for the simultaneous removal of CO and NO.

The partially reduced nanoparticle additives, as described above, may be
provided along the length of a tobacco rod by distributing the partially reduced
nanoparticle additives on the tobacco or incorporating them into the cut filler

15 tobacco using any suitable method. The nanoparticles may be provided in the
form of a powder or in a solution in the form of a dispersion. In a preferred
method, partially reduced nanoparticle additives in the form of a dry powder are
dusted on the cut filler tobacco. The partially reduced nanoparticle additives may
also be present in the form of a solution and sprayed on the cut filler tobacco.

20 Alternatively, the tobacco may be coated with a solution containing the partially
reduced nanoparticle additives. The partially reduced nanoparticle additive may
also be added to the cut filler tobacco stock supplied to the cigarette making
machine or added to a tobacco rod prior to wrapping cigarette paper around the
cigarette rod.

25 The partially reduced nanoparticle additives will preferably be distributed
throughout the tobacco rod portion of a cigarette and optionally the cigarette filter.
By providing the partially reduced nanoparticle additives throughout the entire

tobacco rod, it is possible to reduce the amount of carbon monoxide and/or nitric



reduced nanoparticle additives. The partially reduced nanoparticle additive
may al so be added to the cut filler tobacco stock supplied to the

ci gar et t ewoalsiosgnisnachi ne or added to a tobacco rod prior RQI/vS0APEI46Q
cigarette paper around the cigarette rod. 25 The partially reduced
nanoparticle additives will preferably be distributed throughout the
tobacco rod portion of a cigarette and optionally the cigarette filter. By
providing the partially reduced nanoparticle additives throughout the
entire tobacco rod, it is possible to reduce the anmobunt of carbon nonoxide
and/or nitric WO 03/086115 PCT/ US03/ 10646 _3B0 oxi de throughout the
cigarette, and particularly at both the conbustion region and in the
pyrolysis zone. The amount of the partially reduced nanoparticle additive
shoul d be selected such that the amount of carbon nonoxi de and/or nitric

oxide in 5 mainstre snpke js redyced durin npki f I .
Preferably, t heoxgﬁgﬁ;ﬂ“gg?uttt eemﬁﬁrre#?’azfnldypalrtécdﬁagg’datnl%éﬁgH%rctolggﬁg@d%%goﬁlv%ldw |
be from about a; hvlis9paes, for exanple, 5 ng/cigarette, to about 100
ny/ ci garette. I\/tl)égl\é/pr}?zé];yer abﬁ‘i/n,5 the anount of partially reduced

nanoparticl e additi vaheidnouneof the partiily uedurdd mghaepatticie additivarshopbtilbe 50

ng/ cigarette. 10 One enbodinent of the invention.relgtes to a,cut filler

conposi tion conglested sech Bakbe monat ok cartangporydde,and/orapte 0 Mg
na ticl ddi t.i i | I !
Catalyst for tnoiGaptinlds SEBafatith nolthy 61 LbakBEol cerclbiAahe 10 e 2

catal yst for thenanvef theartiily reduded nasopatiicld additite wikebe frbm #ooyt sdiew abl e
t obacco m xture may be used for the cut filler. Exanples of sujtable types
of tobacco nmat emibligsampclongsamplgeS sg/eigaretiey apouidme/cigagsite. Pt al

e TN TGN R L T e
about 40 mg/cigarette to about 50 mg/cigarette.

10 One embodiment of the invention relates to a cut filler composition
comprising tobacco and at least one partially reduced nanoparticle additive, as
described above, which is capable of acting as a catalyst for the conversion of
carbon monoxide to carbon dioxide and/or a catalyst for the conversion of nitric
oxide to nitrogen.

15 Any suitable tobacco mixture may be used for the cut filler. Examples of
suitable types of tobacco materials include flue-cured, Burley, Maryland or
Oriental tobaccos, the rare or specialty tobaccos, and blends thereof. The tobacco
material can be provided in the form of tobacco lamina; processed tobacco
materials such as volume expanded or puffed tobacco, processed tobacco stems

20 such as cut-rolled or cut-puffed stems, reconstituted tobacco materials; or blends
thereof. The tobacco material may also include tobacco substitutes.

In cigarette manufacture, the tobacco is normally employed in the form of
cut filler, i.e. in the form of shreds or strands cut into widths ranging from about
1/10 inch to about 1/20 inch or even 1/40 inch. The lengths of the strands range

25 from between about 0.25 inches to about 3.0 inches. The cigarettes may further

comprise one or more flavorants or other additives (e.g. burn additives,

combustion modifying agents, coloring agents, binders, etc.) known in the art.



materials such as vol une expanded or puffed tobacco, processed tobacco
stens 20 such as cut-rolled or cut-puffed stens, reconstituted tobacco

mat er i al swoons/lgéends thereof. The tobacco material may alma/iseshoede
tobacco substitutes. In cigarette manufacture, the tobacco is nornmally
enployed in the formof cut filler, i.e. in the formof shreds or strands
cut into widths ranging fromabout 1/10 inch to about 1/20 inch or even
1/40 inch. The lengths of the strands range 25 from between about 0.25
inches to about 3.0 inches. The cigarettes may further conprise one or
nore flavorants or other additives (e.g. bwin additives, conbustion

nodi fyi ng agents, coloring agents, binders, etc.) known in the art. WO
03/086115 PCT/ US03/ 10646 -31 Another enbodi nent of the invention relates
to a cigarette conprising a tobacco rod, wherein the tobacco rod conprises

cut filler having at é:ﬁlg s}Eglgg%ifrge%g%%t%géli(‘fe%ﬁgﬁl?queggongﬁgé{ein?%rgm?ﬂg'hgiave, as

descri bed above, whi g as a cata

conversion of caphan, HANPHeAEn iR t6BdceS RodlEshipres Sufillirdfavingcaliaisysde for the
conversion of nitric oxide to nitrogen. A further enbodinent of the

i nvention rel at partially aedvetd asnophrticikadiitive, @b desceibed abaisnthichi ip gapabie of
treati ng Fe2O3 nanoparticles with a reduci as, so_as . to form at.|east
one partially PEHNEBR %?(%Wﬁtif()"etheéﬁﬁmr%‘oﬁf’?gﬁpﬂ@%gx@eé%?%fb%@qx&e t he
conversi on of | Rt slaantigbedh. CAl@iat for the
conveérsi on of n%’&;/?ggfga!}%ﬁ 6?16%9%1?1?15 ogenf,jﬂland wherein %he partially
reduced additi vembsdinent bethednvensibn relates paa methodsof niaking adigaregter bemprising
partially reduced additive to a cut filler conposition; (é[i ii). providing

the cut filler ¢ontpeasingiRsaOcBnopREicls Wiea FAluEing 25, Sogtie arr%_aqjliegqtyge to a
A T R R
ci garette manuf agtyanendHokidet8Wartion didiedésind/ o ¥atalgsiToe e conabrsion ofadtirici ed
cigarette nmaking technique may be used to incorporate the partially
redu®ed nanopar foiidedo aitddgeny esd whkxein e partiably reduged eddisiye il the form of
nanoparticles; (ii) adding the partially reduced additive to a cut filler composition;
(iif) providing the cut filler composition comprising the partially reduced additive
to a cigarette making machine to form a tobacco rod; and (iv) placing a paper
wrapper around the tobacco rod to form the cigarette.

15 Techniques for cigarette manufacture are known in the art. Any
conventional or modified cigarette making technique may be used to incorporate
the partially reduced nanoparticle additives. The resulting cigarettes can be
manufactured to any known specifications using standard or modified cigarette
making techniques and equipment. Typically, the cut filler composition of the

20 invention is optionally combined with other cigarette additives, and provided to a
cigarette making machine to produce a tobacco rod, which is then wrapped in
cigarette paper, and optionally tipped with filters.

The cigarettes of the invention may range from about 50 mm to about 120
mm in length. Generally, a regular cigarette is about 70 mm long, a "King Size"

25 is about 85 mm long, a "Super King Size" is about 100 mm long, and a "Long" is

usually about 120 mm in length. The circumference is from about 15 mm to

about 30 mm in circumference, and preferably around 25 mm. The packing



manuf actured to any known specifications using standard or nodified
cigarette nmaking techniques and equi pnent. Typically, the cut filler
conposi ti wo wfoséhie 20 i nvention is optionally conbined w tHtTowSwenods garett e
additives, and provided to a cigarette nmaking nachine to produce a tobacco
rod, which is then wapped in cigarette paper, and optionally tipped with
filters. The cigarettes of the invention nay range fromabout 50 nmto
about 120 mmin length. Generally, a regular cigarette is about 70 mm
long, a "King Size" 25 is about 85 mmlong, a "Super King Size" is about
100 mm |l ong, and a "Long" is usually about -320 mmin |ength. The
circunference is fromabout 15 mmto about 30 mmin circunference, and
preferably around 25 mm The packi ng WO 03/086115 PCT/ US03/ 10646 - 32
density is typically between the range of about 100 ng/cnB to about 300

ng/ cnB, and preferably 15 /cnB to _about / 3 3
enbodi nent of t KEDSIRASHYRIG ly%tg?% 5a1§er%taﬁ§1§ 1{)69 @gr@% E‘gtﬁb@gbg?ﬁggé%lt te
descri bed above, j i 13aPtaboe 278en&icpdr ette to form snoke 5 and
drawi ng t he smfg%%ﬂ%ﬁy%%ﬁ%{d&r ette, whergeyzcn during the snoking of the
cigarette, the parti afdtyanothenembodimenpefthe inventgerielstoetogcmethad of swakipy st

for the conversion of carbo oxi de .to. cay bo 1 oxl de. an r .a_cat al yst
for the conver g:h@)@gglfettﬁidpﬁqr@eg%gg@,t ich oy S%Hglﬂg’rﬁ)tb? ﬁ@areg{fe(%g f%rinbg?@f e
nmeans. t he heati i i t ; , i ch
can be inhal ed. r%g;aré?‘g@gt}gé éllflme% %O&C%ﬂ edaltg (b:%gge?%i t@]ger%ﬁlv%llﬁ\l}{eggthg}s;ﬁlgﬂﬁtﬁ ?:é‘ﬁﬂééne

end of the cigargidrendnte ﬁmulmgembm tampparticiecadditeenctstas auglalysdor theut h end
of the cigarette, while the tobacco contai ned_thereir) under gtcefs

combusti on r eactdoprersigavad\earbontmenoxidgdp cerben igxidg ansl/prea Eﬁ%‘g Oba‘eot her
means. For exanpl e, the ci.garet snoked by heating the cigarette
and/ or heating 1 nﬁgﬁ}?&oglnétg{crq% éaletohq’a%la?ger%' nmeans, as described in

conmonl y- assi gned U. SighRAdigdt of dNAgarefe Hednslthé he&tig3esk, cdBfbustiorbSflthd Ghacstie
5,322,075, for exanple.
10 to form smoke, which can be inhaled. Generally, smoking of a cigarette involves
lighting one end of the cigarette and drawing the cigarette smoke through the
mouth end of the cigarette, while the tobacco contained therein undergoes a
combustion reaction. However, the cigarette may also be smoked by other means.
For example, the cigarette may be smoked by heating the cigarette and/or heating
15 using electrical heater means, as described in commonly-assigned U.S. Patent
Nos. 6,053,176; 5,934,289; 5,591,368 or 5,322,075, for example.

While the invention has been described with reference to preferred
embodiments, it is to be understood that variations and modifications may be
resorted to as will be apparent to those skilled in the art. Such variations and

20 modifications are to be considered within the purview and scope of the invention
as defined by the claims appended hereto.

All of the above-mentioned references are herein incorporated by reference

in their entirety to the same extent as if each individual reference was specifically

and individually indicated to be incorporated herein by reference in its entirety.



VWhil e the invention has been described with reference to preferred

enbodi nents, it is to be understood that variations and nodifications may
be resorwedtoscas will be apparent to those skilled in trETaws03/1646h
variations and 20 nodifications are to be considered within the purview and
scope of the invention as defined by the clains appended hereto. Al of

t he above-nenti oned references are herein incorporated by reference in
their entirety to the same extent as if each individual reference was
specifically and individually indicated to be incorporated herein by
reference inits entirety. WO 03/086115 PCLA%S03/ 10646 -33- Clains: 1. A
cut filler conposition conprising tobacco and at | east one partially
reduced additive capable of acting as a catalyst for the conversion of
carbon nonoxi de to carbon dioxi de and/or a catalyst for the conversion of
nitric 5 oxide tQ nitrogen, wherein the partially reduced additive is in
the form of naéﬁ%%?%icles. 2. The cut filler conposition of claiml1,
wherein the partiallyy redugeg fiﬁ&ddo&ﬁrybﬁitﬂoﬁ csﬁygﬁ%g t¥ac6 hhd'gt 18t BRE D a
catal yst for the conversion of carbo nonoxi de t0 carbon di oxide and a
catal yst for theaetaliyereducnd adflitivietcapablosf aitingas d@ataiyst foyehe c@veishen ot
filler conposition of claiml1, wherein, the/partia*l reduced additive is
formed by parti sfargonBaRsidetoLaERRboRde 284/0t f SatalSHIRT thCPVETSIP }gHEIS i ng

Vh203" doped i t 198 FFoRdE SR Wt plal heal lRs 8 ik P O

conposi tion of clapbparBiclewherein Fe203 is partially reduced to formthe
partially reduced additive. 5. The cut filler composition of claim3,
wherein the partially reduced additive conprises Fe304, FeO and/or Fe.

2. The cut filler composition of claim 1, wherein the partially reduced
additive is capable of acting as both a catalyst for the conversion of carbon
monoxide to carbon dioxide and a catalyst for the conversion of nitric oxide to

10 nitrogen.

3. The cut filler composition of claim 1, wherein the partially reduced
additive is formed by partially reducing a compound selected from the group
consisting of Fe,0;, CuO, TiO,, Ce0,, Ce,05, Al,0;, Y,0; doped with zirconium,
Mn,0, doped with palladium, and mixtures thereof. '

15 4. The cut filler composition of claim 3, wherein Fe,0; is partially

reduced to form the partially reduced additive.

5. The cut filler composition of claim 3, wherein the partially reduced

additive comprises Fe;0,, FeO and/or Fe.

6. The cut filler composition of claim 1, wherein the partially reduced
20 additive has an average particle size less than about 50 nm.
7. The cut filler composition of claim 6, wherein the partially reduced

additive has an average particle size less than about 5 nm.



6. The cut filler conposition of claim1, wherein the partially reduced 20
additive has an average particle size |less than about 50 ran. 7. The cut
filler cowmmomiogséan of claim6, wherein the partially reduced/usaddidssve has
an average particle size |ess than about 5 nm WD 03/086115 PCT/ US03/ 10646
-34 8. Acigarette conprising a tobacco rod conprising a cut filler

conposi tion having tobacco and at | east one partially reduced additive
capable of acting as a catalyst for the conversion of carbon nonoxide to
carbon dioxide and/or a catalyst for the conversion of nitric oxide to
nitrogen, wherein the 5 partially reduced aggitive is in the form of
nanoparticles. 9. The cigarette of claim8, wherein the partially reduced
additive is capable of acting as both a catalyst for the conversion of
carbon nonoxi de to carbon dioxide and a catal yst for the conversion of

nitric oxide to nitrqgen. 10. The cigarette of cl ai . reine

partially reduced additiv clgarefty ?H&ﬁﬁﬂlgﬁymg%ﬁcﬁ ir§¢1 %Spg%gﬁﬁgpgh%gnpound
sel ected from t bGHBn BaVRk S66a0e Bd atfieRD3ne Fat@ally teRdedRidiveGapile of
A1203, Y203 dopggrr%i tﬁ Zi rco%i um M203 doped wt h}TpaI | adi um a}nc% m xtures
thereof. 11. Thectihgas 2tatelyst focltlx conyessioatdroatbontthengxadet toaiarhpnrdioxide d

additive conprises Fe203 nanoparticl es V\,gi.ch have been trealtled. ith a

reducing gas to aﬂi@rfacﬁaFﬁlYﬁ}‘iéorp@‘FtcP%quVO?Q PitEe 0X9a 19 P&@.ge]i’ZW FHE B garet te
of claim 10, wherein. t rtl IR YA-T present in an
anou effectivéto é’o’ﬂjralglcladr%ta ag?aééipe@gq@?%?p?%&gbg?h%h nonoxi de to carbon

di oxi de and/or at least 50 % of the nitric oxide to nitrogen. 13. The
cigarette of claim8, wherein the partially reduced additive has_ _20 an
average particle size9l essThegigarstieof claon fnwharein the partjay redyced gadigveisn g,

wher el n the partlally of S9HE5H R0 Lhilfy sl BF mePRnRURIAY: BRI fibfoxtderd ! eSS

t han about 5 turfaP2
carbon dioxide and a catalyst for the conversion of nitric oxide to nitrogen.

10.  The cigarette of claim 8, wherein the partially reduced additive is
10 formed by partially reducing a compound selected from the group consisting of
Fe,0;, CuO, Ti0,, CeO,, Ce,03, ALO;, Y,0; doped with zirconium, Mn,O;,

doped with palladium, and mixtures thereof.

11.  The cigarette of claim 10, wherein the partially reduced additive
comprises Fe,0, nanoparticles which have been treated with a reducing gas to

15 form the partially reduced additive.

12.  The cigarette of claim 10, wherein the partially reduced additive is
present in an amount effective to convert at least 50% of the carbon monoxide to

carbon dioxide and/or at least 50% of the nitric oxide to nitrogen.

13.  The cigarette of claim 8, wherein the partially reduced additive has

20 an average particle size less than about 50 nm.

14.  The cigarette of claim 8, wherein the partially reduced additive has

an average particle size less than about 5 nm.



WO 03/ 086115 PCT/ US03/10646 -35 15. The cigarette of claim8, wherein the
cigarette preferably has about 5 ng partially reduced additive per

ci garett ewoosasens 100 ng partially reduced additive per riTgesetioac 16

The cigarette of claim 15, wherein the cigarette preferably has 5 about 40
ng partially reduced additive per cigarette to about 50 ng partially
reduced additive per cigarette. 17. A nethod of naking a cigarette,
conprising (i) treating Fe203 nanoparticles with a reducing gas, so as to
format |east one partially reduced additive capable of acting as a

catal yst for the conversion of 10 carbon mmoxi de to carbon di oxi de and/ or
a catalyst for the conversion of nitric oxide to nitrogen, and wherein the
partially reduced additive is in the formof nanoparticles; (ii) adding
the partially reduced additive to a cut filler conposition; (iii) providing

the cut filler conpositio parti.alil i eto
a cigarette making rriéhi ng %Bertf?] 3%% E‘gc ef%athé/ﬁégr? ?gef?é f]}%gaabbe&

wr apper ar ound Brﬁ[? bﬁ@i@ﬁf?ecfu@gd 5@d1€1\% PRridi@irtOR Hbhie100 th parfthily Tedited of
snoki ng a ci garet LS conprising lighting t e cigarette to form snoke and
draw ng t he snokdditihe pergdigarbeee.ci garette, wherein the cigarette conprises a
tobacco rod conprising a cut filler conposition having tobacco and at 20

| east one partially reduced additive capable of acting as a catalyst for

the conversion of carpon tel SF AP W éih%‘e ﬂ/ pefgl% Inagt for

the conversion of nitric ox% 0 nitrogen, ereln rtlal y reduced

addi sive is in ;hhg mg‘fﬁftla\ﬂ,l\zfi‘@@ﬁ:éﬂ la@dhﬁse pMQl@ﬁé@fBﬁﬂa’tﬁuPﬂItﬂgSi%ﬁdl%46 -36
19. The nmethod of claim erein the partially reduced additive is
reduced additive per cigarette.

17. A method of making a cigarette, comprising
(i) treating Fe,O, nanoparticles with a reducing gas, so as to form at least
one partially reduced additive capable of acting as a catalyst for the conversion of
10 carbon monoxide to carbon dioxide and/or a catalyst for the conversion of nitric
oxide to nitrogen, and wherein the partially reduced additive is in the form of
nanoparticles;
(i) adding the partially reduced additive to a cut filler composition;
(iif) providing the cut filler composition comprising the partially reduced
15 additive to a cigarette making machine to form a tobacco rod; and

(iv) placing a paper wrapper around the tobacco rod to form the cigarette.

18.  The method of smoking a cigarette comprising lighting the cigarette
to form smoke and drawing the smoke through the cigarette, wherein the cigarette
comprises a tobacco rod comprising a cut filler composition having tobacco and at

20 least one partially reduced additive capable of acting as a catalyst for the
conversion of carbon monoxide to carbon dioxide and/or a catalyst for the
conversion of nitric oxide to nitrogen, wherein the partially reduced additive is in

the form of nanoparticles.



formed by partially reducing a conpound selected fromthe group consisting
of metal oxides, doped netal oxides, and m xtures thereof. 20. The nethod
of cl ai m W@ o3wseriei n Fe203 is partially reduced to form DSdamesopasdssal |y
reduced additive. 21. The nmethod of claim 20, wherein the partially reduced
additive is further reduced in situ to format |east one reduced species
selected fromthe group consisting of Fe304, FeO or Fe. 22. The nethod of
claim 18, wherein the partially reduced additive is 10 present in an
amount effective to convert at |east about 50% of the carbon nonoxide to
carbon di oxide. 23. The nmethod of claim22,-36herein the partially reduced
additive is present in an anount effective to convert at |east about 80 %
of the carbon nonoxide to carbon dioxide. 15 24. The nethod of claim 18,
wherein the partially reduced additive is present in an anount effective
to convert at |east afput tr| t e
nmet hod of cl aim 24, \Mf?;relgﬂgt Lﬁgﬂ%gﬁo?l%l ylgrg/ eﬁ%&gﬁft%%e&?‘g%ﬁﬁlg@‘gﬁp. n
an amount ef f ectforieed by pariatlytredicilgedssmpdumdtseBtedofimim theegromp Consisoing @€ t o
20 nitrogen. WO 03/086115 PCT/US03/10646 -37 26. The method of claim 18,
wherein the ci ganeal exidesdepethmpish axidah sad mistuses hersebarticle partial ly
reduced additive per cigarette to about 100 ng partially reduced additive
per cigarette. 27. The nethod of claim 18, wherein the cigarette preferably
has about 5 40 ny pagg.i al The reehoded chaldi 10| veRei F6JOYAE phrtiallYy Pectileéd to RPmNY
partially reduced additive per cigarette. 28. The nethod of claim18,
wher ef n t he par tthalphstiatlgdediwdd additivé.ve has

21.  The method of claim 20, wherein the partially reduced additive is
further reduced in situ to form at least one reduced species selected from the

group consisting of Fe;O,, FeO or Fe.

22.  The method of claim 18, wherein the partially reduced additive is
10 present in an amount effective to convert at least about 50% of the carbon

monoxide to carbon dioxide.

23. The method of claim 22, wherein the partially reduced additive is
present in an amount effective to convert at least about 80% of the carbon

monoxide to carbon dioxide.

15 24.  The method of claim 18, wherein the partially reduced additive is
present in an amount effective to convert at least about 50% of the nitric oxide to

nitrogen.

25.  The method of claim 24, wherein the partially reduced additive is
present in an amount effective to convert at least about 80% of the nitric oxide to

20 nitrogen.



an average particle size less than about 50 nm 29. The method of claim 18,
wherein the partially reduced additive has 10 an average particle size
| ess t hanwabasBeEs nm PCT/US03/10646

-37-

26.  The method of claim 18, wherein the cigarette preferably has about
5 mg nanoparticle partially reduced additive per cigarette to about 100 mg

partially reduced additive per cigarette.

27.  The method of claim 18, wherein the cigarette preferably has about
5 40 mg partially reduced additive per cigarette to about 50 mg partially reduced

additive per cigarette.

28.  The method of claim 18, wherein the partially reduced additive has

an average particle size less than about 50 nm.

29.  The method of claim 18, wherein the partially reduced additive has

10 an average particle size less than about 5 nm.



