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SUMMARY

Whether ammonia-forming ingredients added to tobacco
and ammoniain smoke affect the ability of the Cambridge
filter pad to trap nicotine in the Federal Trade Commission
(FTC) method wasexamined. Threecommercial cigarettes,
two industry reference cigarettes, and four specialy
designed test cigaretteswere used in this study to represent
cigaretteswith different construction and mainstream (M S)
smoke yield characteristics. One of the commercial ciga-
rettes, a US 1998 Marlboro Lights® King Size cigarette,
was used as a control cigarette for the four experimental
test cigarettes. Thetest cigarettes differed from the control
cigarette asfollows: first, areduction in anmonia-forming
ingredients added to the reconstituted tobaccos; second, no
ammonia-forming ingredients added to the reconstituted
tobacco; third, no ingredients at all added to the reconsti-
tuted tobaccos; and fourth, noingredientsat all added to the
entire tobacco blend. An XAD-4 tube was placed down-
stream of the standard Cambridge filter pad in the FTC
method to trap the gas-vapor phase nicotine for subsequent
analysis. The Cambridgefilter pad used inthe FTC method
was determined to provide greater than 99% trapping
efficiency for MS smoke nicotine from cigarettes with
widely different soluble ammonia levelsin filler and MS
smoke ammoniayields. [Beitr. Tabakforsch. Int. 22 (2006)
71-78]

ZUSAMMENFASSUNG
Es wurde untersucht, inwieweit sich bel der Methode der
Federa Trade Commission (FTC) Ammoniak-bildende

Substanzen, die dem Tabak hinzugefligt wurden sowie
Ammoniak im Rauch auf die Fahigkeit der Cambridgefilter

* Received: 11" October 2005 — accepted: 1% February 2006

auswirken, Nikotin zuriickzuhalten. Drel handelstibliche
Zigarettenmarken, zwel industrielle Referenzzigaretten sowie
vier speziell konzipierte Testzigaretten wurden in dieser
Studie untersucht, um Zigaretten mit verschiedenen Kon-
struktionsmerkmalen und Werten bel den Hauptstrom-
rauchbestandteilen zu beriicksichtigen. Eine der Handels-
marken, eine US amerikanische Marlboro Lights® King Size
Zigarette von 1998 diente als Kontrolle fur die vier experi-
mentellen Testzigaretten. Die Testzigaretten unterschieden
sichvon der Kontrollzigarettein folgenden Punkten: erstens,
einer Verringerung der dem rekongtituierten Tabak hin-
zugefuigten Ammoniak-bildenden Substanzen; zweitens,
keine Hinzufligung Ammoniak-bildender Substanzen zum
rekongtituierten Tabak; drittens, keine Hinzufligung irgend-
welcher Substanzen zum rekongtituierten Tabak; viertens,
keine Hinzufligung irgendwel cher Substanzen zur gesamten
Tabakmischung. UmdasNikaotininder Gasphase zu untersu-
chen, wurde ein XAD-4 Réhrchen hinter dem standard-
maligen Cambridgefilter angebracht. Es wurde festgestellt,
dass die Effizienz der bei der FTC Methode verwendeten
Cambridefilter beim Auffangen von Nikotin im Haupt-
stromrauch von Zigaretten, diegrole Unterschiedeim Gehalt
an l6dichem Ammoniak im Fillmaterial und den Ammoni-
akwerten im Hauptstromrauch aufwiesen, mehr als 99%
betrug. [Beitr. Tabakforsch. Int. 22 (2006) 71-78]

RESUME

Dans cette étude il a été examiné si des composés produc-
teurs d’ammoniac gjoutés au tabac et I'ammoniac dans la
fumée pouvaient influencer la capacité des filtres Cam-
bridge a piéger la nicotine selon laméthode normalisée de
la Federal Trade Commission (FTC). Trois marques de
cigarettes vendues dans le commerce, deux cigarettes
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industrielles de référence et quatre cigarettes d’ Spé-
cialement congues ont été examinées dans cette étude pour
représenter des cigarettes ayant des propriétés de fabrica-
tion et des rendements en composants de la fumée du
courant principa (CP) différents. Une des cigarettes com-
merciales, unecigarette USMarlboro Lights® King Size de
I’année 1998 a été utilisée comme cigarette de référence
pour les quatre cigarettes d’'essai expérimentales. Les
différences entre les cigarettes d'essai et la cigarette de
référence sont les suivantes : premiérement, un apport
réduit des composés producteurs d’ ammoniac aux tabacs
reconstitués ; deuxiémement, absence d’ apport des compo-
sés producteurs d’ ammoniac aux tabacs reconstitués ; troi-
siémement, absence d’ apport d’ aucun composé aux tabacs
recongtitués ; quatriemement, absence d'apport d’aucun
composé au méange du tabac. Selon la méthode norma-
liste FTC, un tube XAD-4 a été placé en ava du filtre
Cambridge standard pour recueillir la nicotine de la phase
vapeur pour une analyse ultérieure. L’ é&ude arévéléquele
filtre Cambridge utilisé dansla méthode FTC aune effica-
cité de piégeage de plus de 99% pour la nicotine du CP de
cigarettes, et ceci pour les cigarettes ayant des teneurstres
différentes en ammoniac soluble dans le tabac de remplis-
sage et desrendementstrés différents en ammoniac dansle
CP. [Beitr. Tabakforsch. Int. 22 (2006) 71-78]

INTRODUCTION

During the puffing of acigarette, mainstream (MS) smoke
aerosol is formed and issues from the mouth end of a
cigarette. MS smoke is a dynamic aerosol, composed of
particles and a gas phase. Some constituents of each phase
are capable of chemical reactions as well as transferring
from one phase to the other (1-4). MS smoke contains
thousands of compounds having awiderange of concentra-
tion and structural variation (5-7). Well over 30 years ago,
the US Federal Trade Commission (FTC), with the assis-
tance of members of the tobacco industry, non-industry
tobacco researchers, and the National Institutes of Health,
devel oped standard methodsto examine M S smoke constit-
uents (8, 9). In the United States, MS smoke FTC nicotine
(1) yield and FTC ‘tar’ yield are reported for commercia
cigarettes, ‘tar’ being defined as total particulate matter
(TPM) minus MS smoke water and nicotine content. A
similar method used outside the United States (I nternational
Organization for Standardization, 1SO) is also used to
quantify machine-generated M S smoke nicotine and ‘tar’

yields (10, 11).
H
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Cigarette manufacturers in the US are required to report
FTC tar’, nicotineand carbon monoxideyields, on ayearly
basis, to the FTC using the standard FT C machine-smoking
protocol. The FTC method allows the comparison of
different cigarettes when smoked by a machine under
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identical |aboratory conditions. Human smokerswill obtain
different amounts of nicotine and other smoke constituents
depending on how they smoke the cigarettes (12, 13).

In the FTC method, a smoking machine generates one two-
second puff of 35 mL volume every minute until the butt
length is at most 3 mm greater than the tipping paper
length (8). The MS smoke is drawn through a Cambridge
filter pad (CFP). Operationally, the material collected on
the CFPiscalled the “total particulate matter” (TPM). The
substances that pass through the CFP during al the puffs
are called collectively “MS smoke gas-vapor phase” (2). It
is possible that some material that passes through the CFP
was originally trapped on the pad but evaporated from the
pad in subsequent puffs or even within a single puff (14).
During the past several years, attention has been drawn to
thefact that in some countries, some cigarette manufactur-
ers add ammonia-forming ingredients to the tobacco or to
specific tobacco blend components in some of their com-
mercial cigarettes (15-26). It has been hypothesized that
the addition of ammonia-forming ingredients added to
tobacco causes an under-quantification and an under-
reporting of FTC MS smoke nicotine using the FTC
method (13, 25). BATES, JARVIS and CONNOLLY have pro-
posed that “ Changesin the state of nicotine from liquid or
solid to gas would have the effect of evading the standard
measuring process which records the residues |eft on the
Cambridge filter in the standard smoking machine” (25).
Underlying the claim that a significant quantity of MS
smoke nicotine is not trapped by the Cambridge filter pad
in the FTC method isthe following hypothetical sequence:
(2) that an increase in ammonia-forming ingredients added
to tobacco can lead to an increase in MS smoke
ammonia (27-30); (2) that an increase in MS smoke
ammonia may result (21, 22, 31) in an elevation in the
amount of nicotine (1) in the gas phase of MS smoke; and
(3) that gas-phase nicotineis not trapped by the Cambridge
filter pad.

Recently, we have published a number of studies examin-
ing the effect of ammonia on the chemistry of nicotine in
tobacco and smoke (4, 30-35). In this report, we deter-
mined the effectiveness of the FTC method to quantify total
M S smoke nicotine yields using the Cambridge filter pad,
over arange of brands and test cigarettes with a range of
M Ssmokeammonialevelscomparabl eto thosein commer-
cia cigarettes. We find >99% of MS smoke nicotine is
trapped by the Cambridge filter pad and is quantified.
Portions of thiswork were presented in preliminary fashion
at two scientific meetings (28, 36).

EXPERIMENTAL AND METHODOLOGY
Cigarettes

The cigarettes tested consisted of two reference cigarettes
(University of Kentucky 1R4F and Industry Monitor No.
16), three US commercial cigarettes, (Marlboro Lights®
King Size, Cambridge® Lowest, and Merit Ultra Lights®,)
and four experimental cigarettes (T1-T4, see below). The
Kentucky Reference 1R4F (production date January,
1983) (37) and Industry Monitor No. 16 (IM No. 16)
(production date September, 1996) (38, 39), are commonly



used as reference cigarettes and controls in analytical and
smoke chemical studies. (The IM No. 17 cigarette is the
currently used Industry Monitor cigarette.) The Kentucky
Reference cigarettes and the Industry Monitor cigarettes
can be obtained from the Kentucky Tobacco Research and
Development Center (http://www.uky.edu/KTRDC/
research.html) and the Product Testing Laboratory, Philip
Morris USA, 615 Maury Street, Richmond, VA 23224,
respectively. As shown in Table 1, these nine cigarettes
have arange of TPM yields from 2.0-21.9 mg/cig, arange
in soluble ammonia in tobacco from 0.831-2.27 mg/cig,
and arangein M S smoke ammoniafrom 1.57-16.6 pg/cig.
Cigarettes T1-T4 were based on the Marlboro Lights®
King Size and were designed to have similar TPM yields
but significantly different soluble ammoniaand MS smoke
ammonia yields (see Table 1). This was achieved by
reduction, in a stepwise fashion, of the levels of ammonia-
forming ingredients and other ingredients such as process-
ing aids, flavors and humectants (16) used in the manufac-
ture of the control cigarette. This design protocol is shown
in Table 2.

Tobacco and smoke characteristics of the examined
cigarettes

Full experimental methods for all of the analyses reported
herein except for the Cambridge filter trapping efficiency
(see below) are reported elsewhere (30).

Cambridgefilter trapping efficiency

The efficiency of the Cambridge filter pad (44 mm) for
trapping nicotine was determined by smoking cigaretteson
a Borgwaldt RM4/CS four-port linear smoking machine
using the standard FTC machine-smoking conditions (8,9).
As shown in Figure 1, the material not trapped on the
Cambridgefilter was passed directly into an adsorbent tube
containing an 80 mg section of XAD-4 sorbent (SKC
catalogue no. 226-93) followed by another 40 mg section
of XAD-4 sorbent. XAD-4 traps have been shown to be
extremely effective at trapping nicotine in the gas phase
(40-44). Immediately after the smoking, the Cambridge
filter pad was placed in apre-dried test tube (18 x 150 mm,
disposable, culture, borosilicate glass, part no. 14-961-32,
Fisher Scientific, Pittsburgh, PA) with a sleeve stopper
(part no. 16, West Company, Lionville, PA) where it
remained until theanalysisprocedure. The XAD-4 material
was extracted with 2 mL of 2-propanol containing |-
carvone as an internal standard (0.5 pg/mL) and triethyl-
amine (0.02%, v/v). The level of nicotine in the XAD-4
extract (injection volume: 1 pL) was analyzed by selective
ion monitoring (SIM) GC-MS (ionsm/z 84, 133, 162) with
both the limit of detection and limit of quantification in the
parts per billion range.

RESULTS AND DISCUSSION

A series of cigarettes having a wide FTC TPM range
(2-22 mglcig), including cigarettes with multiple designs,
was used to evaluate the capability of the Cambridge filter
pad to trap MS smoke nicotine using the standard FTC
machine-smoking method. The specific question of thisstudy

related to the possible role of ammonia in the trapping
capability of the FTC method. The Marlboro Lights® King
Size having a 13.0 mg/cig FTC TPM vyield was chosen for
thecontrol becausethisrepresentsanintermediate TPM yield
found for US commercial cigarettes. As shown in Table 1,
the Marlboro Lights® (the control, C) and T1-T4 have
varying ammonialevels but smilar FTC TPM yields.

The Cambridge filter pad collection efficiency of MS
smoke nicotine was quantified for the cigarettes examined.
The system shown in Figure 1 was designed to determine
experimentally thefraction of nicotinethat was not trapped
and captured by the Cambridge filter pad. An XAD-4 trap
was placed behind the Cambridge filter pad. XAD-4 is
well-known to trap gas-phase nicotine with high effici-
ency (40-44). The Cambridge filter pad plus the XAD-4
system together provide an efficient collection mechanism
for a composite of both particul ate and gas-phase nicotine
in smoke (40-47). This method cannot quantify or neces-
sarily distinguish between the amounts of nicotine that are
in the particul ate or gas phase of MS smoke at the instant
the smoke reaches the Cambridge filter pad, because
breakthrough or re-volatilization of nicotinefromthe Cam-
bridge filter pad is, in principle, possible. As shown in
Figure 2, the TPM yields obtained using the XAD-4 trap
were about 6% higher than the TPM yieldsfound using the
standard FTC method (data not given in Table 1). This
difference may be the result of a slight difference in air
pressure through the system when an X AD-4 backup trap
is added to the FTC system. In any event, the highly
significant correlation shown in Figure 2 demonstrates that
the smoking process with an XAD-4 back-up tube is
comparable to the standard FTC method.

Theyields of nicotine on the Cambridge filter pad and on
the XAD-4 back-up tube sorbent are shown in Table 1.
Nicotine on the X AD-4 sorbent back-up material indicates
breakthrough of a small amount (<0.0014 mg/cig) of this
tobacco alkaloid through the Cambridge filter pad. In all
cases, >99.2% of the total MS smoke nicotine on the
Cambridgefilter pad wasdetected and quantified, i.e., <1%
of the MS smoke nicotine was not trapped on the Cam-
bridge filter pad but trapped on the X AD-4 sorbent.

Table 1 lists the MS smoke ammonia yields for the com-
mercial Marlboro Lights® and for the four experimental
cigarettes(T1-T4). Thisseries, asindicated above, hasvery
similar FTC ‘tar’ and nicotineyields but hasarange of MS
smoke ammoniayields (6-12 pg/cigarette) aswell as pro-
gressive diminution in other ingredients and flavorants.
Regardless of the amount of ammoniain MS smoke or the
presence or absence of the added ingredients and flavo-
rants, >99.9% of the M 'S smoke nicotine for the Marlboro
Lights® and T1-T4 and >99.2% of the MS smoke nicotine
for the other cigaretteslisted in Table 1 was trapped by the
Cambridge filter pad. For the Marlboro Lights® and the
four test cigarettes, there is no significant relationship
(p > 0.1) between the breakthrough of nicotine and either
MS smoke ammonia (r = -0.40) or soluble ammonia
(r = -0.29). Thus, greater than 99.9% of the MS smoke
nicotine was trapped by the Cambridge filter pad and
quantified in the FTC method for Marlboro Lights® and
T1-T4, independent of the three following variables: the
amount of soluble ammonia in the tobacco, TPM yields,
and the amount of M'S smoke ammonia.
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Table 2. Design characteristics of the tobacco blend for the 1998 US Marlboro Lights® cigarette (the control cigarette) and the four

test cigarettes T1-T4.

Ammonia-forming ingredients added to
reconstituted leaf in the cigarette blend

Ingredients added to
reconstituted leaf

Ingredients added to
tobacco blend

Cigarette
Marlboro Lights® King Size Yes Yes Yes
T1 Reduced Yes Yes
T2 No Yes Yes
T3 No No Yes
T4 No No No
i Cambridge filter pad traps MS smoke
Sidestream total particulate matter (TPM)
smoke
Mainstream ]
smoke Smoke stripped of TPM
- and many MS smoke
| S— j j D 3 gas-vapor phase

constituents

)

XAD-4 trap captures gas- phase
nicotine with high efficiency

Figure 1. The FTC protocol was modified by the addition of an XAD-4 trap at the downstream side of the Cambridge filter pad. The
XAD-4 trap is known to collect any nicotine that is not trapped by the Cambridge filter pad (see text for references and additional

information)

TPM(Modified FTC method) =
1.06 TPM (FTC method) + 0.02
25 —

(* = 0.998)

n
o

15 +

TPM (by modified FTC
method) (mg/cig)
S

0 5 10 15 20 25
TPM (mg/cig by FTC method)

Figure 2. The correlation between the TPM yields obtained
using the modified FTC method (XAD-4 trap method as shown
in Figure 1) and the TPM yields using the standard FTC
method for the nine cigarettes types described in Tables 1 and
2. A slope of near unity and a near zero intercept demonstrate
that the incorporation of the XAD-4 filter had little effect on the
total smoke formation.

It isinstructive to examine the properties of the highest and
lowest FTC ‘tar’ yield cigarettes in this study in order to
identify any trends in the data. For the Cambridge® Lowest
for which there was 2.0 mg TPM/cig and 0.18 mg nico-
tine/cig, 1.37 ug nicotine (approximately 0.74% of the total
M S smoke nicotine) was not trapped by the Cambridgefilter
pad. In contrast, Industry Monitor No.16 had 21.9 mg
TPM/cig and 1.07 mg nicotine/cig; 0.25 pg nicotine (appro-
ximately 0.02% of the total MS smoke nicoting) was not
trapped by the Cambridgefilter pad. For thelowest FTC ‘tar’
yield cigarettes, a greater percentage of the nicotine was
found on the XAD-4 tube (although in absolute mass, the
nicotinein the XAD-4 tubewasvery low, at <1.4 pg/cig). A
modest though statistically significant correlation wasfound
between the collection efficiency of the Cambridgefilter pad
and the FTC TPM yidld (r? = 0.62, p < 0.012). At least two
possibilities can be proposed for this observation. First,
nicotine, water and other tobacco smoke congtituents already
trapped on aCambridgefilter pad could enhancethetrapping
of subsequent material reaching the pad. Second, material
trapped on the pad could decrease the propensity of nicotine
to transfer from the pad to the gas-vapor phase during
subsequent puffs (48). BAKER has pointed out that tempera-
ture, filter loading, flow rate, and moisture level on the
Cambridge filter pad can affect the pad’'s properties (2).
Limited and somewhat inconsistent dataisavailable on these
possible effects (49-51). It is not possible at this time to
distingui sh between thetwo cited possi ble mechanismsbased
on the available data.
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Denuder tube experiments with fresh MS smoke (in the
absence of a Cambridge filter pad) have demonstrated that
nicotine is primarily in the particulate phase of MS smoke,
that is, <1% of nicotineisin the gas phase of MS smoke (21,
33, 52-55). In addition, the Cambridge filter pad is 99.9%
efficient for MS smoke particles that are larger than 0.1 um
in diameter (2). Individua experiments with exogenously-
added C-nicotine and exogenoudly-added 2H-nicotine
indicate that >99% of the nicotinein M S smokeistrapped on
the Cambridgefilter pad (43, 44, 56). Following the comple-
tion of this work and its presentation at two scientific
meetings (28,36) and a meeting at the UK Department of
Health in 2000, a report entitled “ Determination of the Fate
of Nicotine When a Cigarette is Smoked” was released by
the Smoking Policy Unit, UK Department of Health (45).
Thisreport concluded that there was no evidencefor nicotine
passing through the Cambridge filter pad using the IO
protocol, and that the 1SO machine smoking procedure
accurately quantifies the yield of nicotinein MS smoke. In
addition, asingle experiment was recently reported in which
a Carboxen/PDMS solid-phase microextraction fiber was
placed behind the Cambridge filter pad and nicotine was not
detected (57). Our experimental results (Table 1) and the
literaturedataarefully consistent with each other. Intotal, all
theexperimental datastrongly support theconclusionthat the
vast mgjority of the nicotinein MS smokeis retained on the
Cambridgefilter pad in the FTC and 1SO machine-smoking
methods and is quantified by standard analytical methods.

CONCLUSION

In this work, the proportion of MS smoke nicotine captured
ontheCambridgefilter padinthe FTC method waseval uated.
An XAD-4 trap was placed downstream of and directly in
series with the Cambridge filter pad to trap and alow quan-
tification of M S smoke nicotine that passed through the Cam-
bridge filter pad. Greater than 99% of the mainstream smoke
nicotine was trapped on the Cambridge filter pad, for TPM
yields ranging from 2—22 mg/cig and MS smoke ammonia
yields ranging from 1.6-16.6 ug/cig. In addition, for the
Marlboro Lights® and T1-T4 having nearly the same TPM
yields(ca 12 mg/cig) but significantly different MSammonia
yidds(6-12 ug/cig), the Cambridgefilter pad trapped and the
method quantified >99.9% of the mainstream smoke nicotine.
These reaults, in combination with literature reports, clearly
demonstrate that >99% of mainstream smoke nicotineis cap-
tured and quantified by the standard FTC and | SO machine-
smoking methods for commercia conventiona cigarettes.
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