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SUMMARY

In the August 1997 issue of Eunvironmental Science &
Technology (ES&T), PANKOW and co-workers at the
Oregon Graduate Institute reported that the addition of
ammonia-containing additives to cigarette tobacco
increased the amount of unprotonated nicotine in ciga-
rette mainstream smoke (MSS) and thus increased the
bioavailability of nicotine to the smoker. Articles about
PANKOW’s work also appeared in other publications
along with allegations that ammonia-containing additives
are used to manipulate nicotine deliveries. However,
initial review of PANKOW’s research and that reported on
environmental tobacco smoke (ETS) in an earlier paper
showed that potentially serious issues existed with
PANKOW’s experimental data and conclusions. Conse-
quently, a critical assessment of PANKOW’s research and
the underlying theories of gas/particle partitioning was
undertaken. This assessment confirmed that PANKOW
and his co-workers made a number of errors not only in
their determinations of the gas/particle partitioning co-
efficients for nicotine in MSS and ETS but also in the
interpretations of the data. During the preparation of this
assessment, data from other researchers became public.
These data showed that there was no correlation between
tobacco ammonia (including residual ammonia from the
use of ammonia-containing additives) and MSS ammonia
deliveries and MSS smoke pH, and that the amount of
unprotonated nicotine in the undiluted MSS of a full
flavor (FF) American filter cigarette was less than 0.1%.
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These new data fully substantiated the findings of this
assessment, and it can be safely concluded that the
assertions made by PANKOW and his co-workers were
incorrect. However, this assessment also showed that
there is significant merit in the application of PANKOW’s
theory of absorptive partitioning for the estimation of the
gas/particle partitioning of semivolatile components in
MSS and ETS. Application of PANKOW’s theory along
with data from recent tobacco related conferences has
allowed estimation of the gas/particle partition coefficient
for nicotine in cigarette MSS and also has allowed approx-
imation of values for the activity coefficient of nicotine in
mainstream particulate matter. [Beitr. Tabakforsch Int. 19
(2000) 65-83]

ZUSAMMENFASSUNG

In der Ausgabe vom August 1997 der Zeitschrift Environ-
mental Science & Technology (ES&T) haben PANKOW und
Mitarbeiter vom Oregon Graduate Institute berichtet,
dass die Zugabe von ammoniumhaltigen Additiven zum
Cigarettentabak den Gehalt an unprotoniertem Nikotin
im Hauptstromrauch von Cigaretten (HSR) erhoht und
somit die Bioverfiigbarkeit des Nikotins fiir den Raucher
ansteigt. Veroffentlichungen tiber PANKOWs Arbeit
erschienen ebenfalls in anderen Zeitschriften zusammen
mit Behauptungen, dass ammoniumhaltige Additive
eingesetzt werden, um die Freisetzung von Nikotin zu
manipulieren. Eine erste Uberpriifung von PANKOWs
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Untersuchungen und eine frithere Untersuchung tiber
Tabakrauch in der Raumluft (ETS) zeigten, dass gra-
vierende Differenzen zwischen PANKOWs experimentel-
len Daten und seine Schlufifolgerungen existieren.
Folglich wurde eine kritische Bewertung von PANKOWs
Forschung und den zugrundeliegenden Theorien zur Ver-
teilung der Komponenten des Cigarettenrauchs auf Gas-
und Partikelphase vorgenommen. Die vorliegende
Bewertung bestitigte, dass PANKOW und Mitarbeiter eine
Reihe von Fehlern machten, nicht nur bei ihrer Be-
stimmung der Verteilungskoeffizienten von Nikotin
zwischen Gas- und Partikelphase im HSR und ETS,
sondern auch bei ihrer Interpretation der Daten. Wih-
rend der Ausarbeitung dieser Bewertung wurden Unter-
suchungsergebnisse von anderen Forschern bekannt.
Diese Ergebnisse zeigten, dass es keinen Zusammenhang
zwischen Ammonium im Tabak (einschliefilich des
Ammoniums aus ammoniumhaltigen Additiven) und der
Freisetzung von Ammonium im HSR sowie des pH-
Wertes von HSR gab, und dass die Konzentration von
unprotoniertem Nikotin im unverdiinnten HSR einer
US-amerikanischen Full-Flavour Filtercigarette weniger
als 1% betrug. Diese neuen Daten bestitigten vollends die
Ergebnisse der hier vorliegenden Beurteilung und es 18t
sich mit Sicherheit die Schluflfolgerung ziehen, dass die
Behauptungen von PANKOW und Mitarbeitern falsch
waren. Die vorliegende Beurteilung zeigte jedoch auch,
dass die Anwendung von PANKOWs Theorie der absorpti-
ven Verteilung einen betrichtlichen Wert fir die Ab-
schitzung der Gasphasen/Partikelphasenverteilung semi-
volatiler Verbindungen im HSR und ETS besitzt. Die
Anwendung von PANKOWs Theorie unter Berticksichti-
gung diesbeziiglicher Forschungsergebnisse, die kiirzlich
auf Tabaktagungen prisentiert wurden, erméoglicht die
Abschitzung der Verteilungskoeffizienten von Nikotin
zwischen Gasphase und Partikelphase im HSR von
Cigaretten und ermoglicht ebenfalls, Werte fiir den
Aktivititskoeffizienten von Nikotin in der Partikelphase
des HSR abzuschitzen. [Beitr. Tabakforsch Int. 19 (2000)
65-83]

RESUME

Dans I’édition du mois d’aott 1997 de la revue Environ-
mental Science & Technology (ES&T), PANKOW et ses
collaborateurs de ’Oregon Graduate Institute ont rappor-
té que Iapport d’additifs contenant de "'ammoniac au
tabac de cigarettes augmente la teneur en nicotine non
protonée dans le courant principal de la fumée de cigaret-
tes (CP) et ainsi la biodisponibilité de la nicotine dans
’organisme du fumeur. Des réactions relatives a ’étude
de PANKOW ont été publiées dans d’autres revues et
prétendent que des additifs contenant de ’ammoniac sont
employés pour manipuler le rendement en nicotine. Une
premiére évaluation des résultats de PANKOW et une
étude antérieure sur la fumée de tabac ambiante (FTA)
ont révélé que des différences notables existaient entre les
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données expérimentales de PANKOW et ses déductions.
On a donc entrepris une analyse critique des recherches
de PANKOW et les théories sous-jacentes sur la répartition
des composants entre la phase gazeuse et la phase particu-
laire. Cette évaluation a confirmé que PANKOW et
collaborateurs ont commis plusieurs erreurs, non seule-
ment dans la détermination des coefficients de répartition
entre la phase gazeuse et la phase particulaire de la
nicotine dans le CP et la FTA, mais aussi en ce qui
concerne I'interprétation des données. Pendant la prépara-
tion de cette évaluation, les données d’autres études ont
été publiées. Ces données ont révélé qu’il n’existait pas de
corrélation entre 'ammoniac du tabac (y compris des
résidus d’ammoniac aprés utilisation d’additifs contentant
de ’'ammoniac) et la teneur en ammoniac dans le CP et le
pH du CP, et que la teneur en nicotine non protonée
dans le CP non dilué d’une cigarette américaine filtre
plein arome était inférieure a 0.1%. Ces nouvelles don-
nées étaient en accord étroit avec les résultats de cette
évaluation et on peut en toute sécurité en tirer la conclu-
sion que les assertions faites par PANKOW et collabora-
teurs étaient fausses. Cependant, cette assertion a égale-
ment montré que ’application de la théorie de la réparti-
tion absorptive développée par PANKOW a une valeur
significative pour I’évaluation de la répartition des
composants semi-volatils entre la phase gazeuse et la
phase particulaire du CP et de laFTA. L’application de la
théorie de PANKOW avec les données présentées lors de
congres récents relatifs au tabac a permis I’estimation du
coefficient de répartition de la nicotine dans le CP de
cigarette entre la phase gazeuse et la phase particulaire et
a également permis I’approximation des valeurs relatives
au coefficient d’activité de la nicotine dans la matiére
particulaire totale du CP. [Beitr. Tabakforsch Int. 19
(2000) 65- 83]

INTRODUCTION

Gas/particle partitioning processes in atmospheric aero-
sols have been studied extensively, and the theories
developed to explain such processes have been recently
reviewed by GOSS and SCHWARZENBACH (1). James F.
PANKOW has been one of the leading scientists in that
field, and he is particularly well known for his develop-
ment of the theories for adsorptive and absorptive
partitioning of atmospheric aerosols (2, 3, 4). Between
1994 and 1997, PANKOW and his co-workers (hereinafter
collectively called PANKOW) extended their work on
atmospheric aerosols to cigarette smoke aerosols. They
published a series of papers on the partitioning of various
substances between the gas phase and the particulate
phase in both environmental tobacco smoke (ETS) and
cigarette mainstream smoke (MSS) (5, 6, 7, 8). The last
paper received attention in the popular press as well as
the scientific press because it contained allegations that
the tobacco industry was using ammonia to increase the
bioavailability of nicotine in cigarette smoke (9, 10).



However, an “Additions and Corrections” to that paper
was published in 1999 (11), and the corrected data had
much less impact than those in the original publication
did.

One purpose of this assessment is to show the applicabil-
ity of gas/particle partitioning theories to cigarette
smoke. Another purpose is to discuss PANKOW’s applica-
tion of these theories in the context of the information
that was available at the time the research was done and
in terms of information that has become available since it
was published. These theories will be described briefly
before discussing them with respect to PANKOW’s work
on MSS and ETS.

THEORIES ON GAS/PARTICLE PARTITIONING
IN AEROSOLS

1. Adsorptive partitioning

The first of these theories deals with adsorptive partition-
ing. In this model, the particulate phase of the aerosol is
comprised of spherical particles with a thin layer of an
organic phase surrounding an inert core such as found in
urban particulate matter (UPM) (7). PANKOW provided
the theoretical basis for adsorptive partitioning (2) and
confirmed his theory with data from YAMASAKI’s work
on environmental aerosols (12). The work by YAMASAKI
and by PANKOW lead to the definition and practical use
of a gas/particle partitioning coefficient, K, which is
defined as follows for a given semivolatile component in
an aerosol:

F [1.1]

In Equation [1.1], A and F are the artifact-free equilib-
rium concentrations (ng/m’) of a given component in the
gas phase and associated suspended particulate, respec-
tively, at a given temperature and humidity. TSP (ug/m”’)
is the concentration of total suspended particulate matter
in the aerosol. The quantity F/TSP is related to the
thermodynamic activity of the component of interest
on/in the particulate matter. PANKOW (13, 14) also
showed for polycyclic aromatic hydrocarbons (PAHs) in
several different environmental situations that:

Iong = r‘r1p/T+bp [1.2]
In Equation [1.2], T'is the temperature (°K), and 7, and

b, are calculated according to Equations [1.3] and [1.4],
respectively (2).

m--—9 T [1.3]
P~ 2303R 4606

1
b, = 109(Aql)/275(MM)2 + 02171 [1.4]

In the above equations, Q is the enthalpy of desorption
from the surface for the component of interest, R is the
gas constant, A, (cm’/ug) is the specific surface area of
the aerosol, 7 (sec) is a molecular vibration time, and M
is the molecular weight of the component of interest.
PANKOW showed that plots of log K, versus 1/T were
approximately linear with a slope of 7, Also, for a given
class of compounds, most members of the class had a
common j-intercept. If the partitioning is purely due to
physical adsorption, Equation [1.1] can also be expressed

as: Q, Qv]

NSAtSpTexp
K - RT [1.5]
1600p,°

In Equation [1.5], N, (moles of sorption sites per cm * of
the aerosol), O, (k] mol ') is the enthalpy of desorption
from the surface, 0, is the enthalpoy of vaporization for
the components of interest, and p; is its vapor pressure.

1. Absorptive partitioning

PANKOW also dealt with the situation where the gas/par-
ticle partitioning is absorptive in nature or is a mixture of
absorptive and adsorptive processes (3, 4). In cases where
the partitioning is dominated by absorptive processes,
PANKOW stated that for a given component, 7

o f_760RT 6
10°MW,, v, P’

In Equation [1.6], £, is the fraction of organic matter in
the particulate phase, R is the gas constant (8.2 x 10’ m’
atm mol ' K'), T is the temperature (°K), MW__ is the
number-average molecular weight of the particulate
phase, v, is the activity coefficient of the given component
in the particulate phase, and pL(?i is the vapor pressure of
pure compound, 7 at temperature, T. PANKOW also
expressed Equation [1.6] in logarithmic format as:

. f_760RT
IogKpi = -logp_; + log——— [1.7]
' | 10°MW,__y,
Equation [1.7] could also be reduced to (5, 7):
logk,; = mlogp’ + b, [1.8]

According to PANKOW, plots of log K, versus log ppwill
tend to have a slope of approximately -1 when 1/y
remains constant within the compound class of interest.
PANKOW also reported that the second term of Equation
[1.7],log (f,,760RT/10°MW__y,), had values from -8.9 to
-7.3 (3). It is important to note that Equations [1.6] to
[1.8] show that the ratio of the amount of compound in
the gas phase to the amount present in the particulate
phase is independent of the total amount of the com-
pound present.
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111 Application of gas/ particle partitioning theory to cigarette
smoke and related aerosols

While PANKOW’s early work on aerosols was related to
UPM, his work has been extended by others to include
aerosols such as wood smoke that are more similar to
cigarette smoke. In particular, three papers from KA-
MENS’s group at University of North Carolina are
relevant to the application of PANKOW’s theories to
cigarette smoke (15, 16, 17). Those three papers outline
two somewhat different approaches to predicting the
gas/particle partitioning for a given component of an
aerosol where absorptive partitioning is the predominant
process as in the case of cigarette smoke (7). Furthermore,
they cast doubt on PANKOW’s use of unit activity coeffi-
cients when the semivolatile materials have different
polarities and functional groups, the effects of water in
the particulate matter on K, (which, in turn, raises
questions about the validity of Equation [1.8]), and the
extent to which equilibrium is obtained in freshly gener-
ated aerosols, a point which PANKOW had conceded
earlier (18). Also, PANKOW recently advocated the use of
the octanol/air partition coefficient as a correlating
parameter for gas/particle partitioning coefficients for
systems where absorptive partitioning is the dominant
process (19).

While PANKOW’s work has been fairly recent, the topic
of gas/particle partitioning is not new as far as cigarette
smoke is concerned. In 1966, VEKRIS and HOOK of BAT
presented the results of their studies on gas/particle
partitioning (20). One of the key findings from their
work was that for a given compound in a given type of
smoke, the ratio of compound between the two phases
was independent of the total amount of the compound
present in smoke. This finding applied not only to
neutral compounds such as aldehydes and ketones, but
also to pyridine bases. In addition, they found that for
compounds of the same chemical type in the same smoke,
the ratio (amount in gas phase to amount in particulate
phase) increased as the vapor pressure increased. Also,
they concluded that there was a dynamic equilibrium
between the two phases of smoke.

DISCUSSION
1. Environmental tobacco smoke

It is important to understand PANKOW’s work on ETS
before considering his work on MSS. This is because
PANKOW first applied his models and methods to ETS
and because he used data from his ETS experiments to
help justify his conclusions on MSS. PANKOW’s first
research related to smoke chemistry was his paper on
gas/particle partitioning of PAHs and alkanes in ETS (5).
According to PANKOW, one of the objectives of the
research was to determine if the values for K that were
determined for those compounds in environmental
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aerosols could be extended to the partitioning of those
compounds in ETS, which indeed was the case.
PANKOW’s ETS samples came from an indoor recre-
ational area that permitted smoking. His sampling
system consisted of a glass-fiber filter (GFF) to collect the
particulate phase followed by polyurethane foam (PUF)
plugs to collect the gas-phase PAHs and Tenax-GC traps
to collect the more volatile compounds in the gas phase.
The compounds on the filters and PUF plugs were
Soxhlet-extracted and analyzed by GC/MS while those
on the Tenax-GC were analyzed by thermal desorption
GC/MS. Those analytical measurements along with the
weight of the particulate matter trapped on the GFF and
the volume of air sampled permitted calculation of values
for K,. PANKOW claimed a slope of -1 for the plot of log
K, versus log p. for a series of PAHs (chrysene, pyrene,
fluoranthene, anthracene, phenanthrene, and fluorene)
as well as a series of 7-alkanes (C,,-C,,) in his ETS
samples. He also claimed that PAHs were more tightly
bound to the particulate matter in ETS than to that in
UPM. However, inspection of PANKOW’s data indicated
that there was likely a problem with his collection
and/or analysis on the most volatile members of each
series. The data points for those compounds fell below
the respective regression lines.

PANKOW’s next research was first presented in 1996 (6)
published shortly thereafter (7). The analytes investi-
gated included not only those of the previous work but
also quinoline, isoquinoline, nicotine, and carbazole.
One of the conclusions presented in both papers was that
the nitrogen compounds studied were more tightly
bound to the particulate phase of ETS than were the
PAHs and alkanes. PANKOW based this conclusion on
the fact that when plots of log K, versuslog p; were made
for each class of compounds, the values for the N-con-
taining compounds were more positive than those for
the PAHs and alkanes whose vapor pressures were
similar. PANKOW ascribed this finding to the presence of
acidic compounds in the particulate phase of ETS. The
data in the two documents differed in some cases with
the most noticeable difference being in the values for the
vapor pressure for carbazole. The former gave a value for
log p; of ~2.96at 20 °C (1.1 x 107’ torr) while the latter
gave a value for log p;” of -4.82 at 20 °C (1.5 x 107
torr). PANKOW was able to use the former value for a
satisfactory regression of log K versus log pp. for the
N-containing compounds, but was unable to do so when
the latter value was used. Indeed, he stated that the latter
value was probably too low, but estimation of the vapor
pressure at 20 °C for carbazole using a modification of
the Watson correlation (21) gave a value for log p,” of
approximately -7.4.

In addition, the analytical method for determining 4 and
F[the artifact-free equilibrium concentrations (ng/m’) of
a given component in the gas phase and associated
suspended particulate, respectively] was changed to a
desorption method employing what PANKOW called his
fractional approach to equilibrium (18); and the GFF was



replaced by a quartz fiber filter (QFF).

For the determination of K, by PANKOW’s desorption
method (fractional approach to equilibrium), the particu-
late matter was collected on a filter [GFF, TMF (Teflon™
membrane filter), or QFF]; and the net weight of particu-
late matter (M,) was determined. Then a section of the
filter was extracted, and the analytes of interest deter-
mined. This gave a value for each analyte, M,. Additional
sections of the filter were taken and these were desorbed
at ambient temperatures with humidified nitrogen for
know periods of time. The desorbed analytes were
collected on Tenax-TA traps, and these traps were
analyzed by thermal-desorption GC/MS. This gave
values for each analyte at each time period, M,. When the
quantity M, /M, was plotted versus volume (m’) of gas
used for desorption, the slope of the line was 1/K M,
(from Equation [1.1]). For volatile compounds, K, was
relatively small, and the slope of the 1/K M, line was
much greater for the initial sampling times than it was for
the later ones. PANKOW determined the slope by nonlin-
ear regression analysis. It must be pointed out that these
desorption experiments were done over a period of days,
and the first data points appear to have been taken after
tens of liters of desorption gas had passed through the
filter.

Since the early data points have more of an effect on the
slope than the later ones, and since the early data points
are much more important for the more volatile com-
pounds, the usefulness of this fractional approach to
equilibrium may be limited. The full experimental details
of PANKOW’s research on ETS using the fractional
approach to equilibrium are given in a dissertation by one
of PANKOW’s students (22).

PANKOW (7) had problems explaining the data from his
ETS studies, which are summarized in Table 1. This
Table shows the data from the experiments performed at
20 °C (6, 7) as well as those performed at 25 °C (5). The
column in Table 1 marked “Corr. to 25 °C” contains the
values of K, measured at 20 °C corrected to 25 °C for
both changes in temperature and changes in vapor
pressure according to Reference 4. If both of PANKOW’s
methods for determining K, were equivalent, the values
of K, determined experimentally at 20 °C, but corrected
to 25 °C should be equivalent to those determined
experimentally at 25 °C. In many cases, they were not.
As PANKOW noted, he had problems with the data from
his most volatile alkane, hexadecane. His value of log K,
of -3.96 for alog p, of -3.17 is too high. If PANKOW’s
regression data were used, log K, should have been more
on the order of -4.6. His error appeared to come from
his measurement system as correcting his earlier data for
temperature by Equation [1.6] gives a value of -4.68.
While this error and the differences in the tempera-
ture-corrected K values may seem trivial, it is important
when PANKOW’s data for nicotine in ETS are considered.
As shown in Table 1, PANKOW found a value for log K,
for nicotine in ETS at 20 °C of -2.83. K, was 0.001479
(antilog of -2.83) and TSP was reported to be

454.8 pug/m’. Substitution of these values in Equation
[1.1] gives a ratio of F/ A of 0.673. Data on F/ A from a
well known collaborative study of nicotine in ETS (23)
gave values of I’/ A4 of about 0.03 for TSPs ranging from
184 pg/m’ to 990 ug/m’. In the paper under discussion,
PANKOW speculated that the magnitude of his value of
K, for nicotine could be explained by the fact that
nicotine in ETS could be monoprotonated as in MSS. He
did not note there were several reports in the literature
at that time that indicated that over 95% of the nicotine
in ETS is in the gas phase (23, 24, 25, 26, 27), and that
values for log K calculated from the data of CAKA ez a/.
(23) were much smaller than he found.

A review of PANKOW’s experimental procedure indi-
cated that two errors were made. First, he did not take
the normal precautions to prevent losses when working
with trace levels of nicotine (28, 29, 30). Second, he failed
to heed the warnings of others about using particulate
filters alone or gas sampling devices behind filters to
determine gas-phase concentrations (23, 31, 32, 33, 34).
The warnings, which were based on experimental data,
showed that GFFs would absorb gas-phase nicotine.
While PANKOW claimed that his approach eliminated
artifacts caused by other types of sampling systems, it
appears that it did not work reliably for nicotine in ETS.
Indeed, nicotine was not included in the plot of M,/M,
versus 1 for the other analytes discussed in that paper.
Also in that paper, PANKOW commented on the fact that
detailed microscopic examination of the QFF used to
sample ETS did not reveal the presence of discrete
particles, but that the fibers were wetted with a liq-
uid-like material. From that finding, PANKOW concluded
that absorptive partitioning was the predominate process
affecting gas/particle equilibrium in ETS, and he in-
voked Equation [1.6] to help explain his findings for the
alkanes and PAHs. PANKOW assumed that /| was 1.00
and that MW __ was 85. If he had done this calculation
for nicotine and used the value of 0.033 torr for p,
(vapor pressure of nicotine at 20 °C) given in that paper,
and assumed an activity coefficient of unity, he would
have obtained log K, of approximately -5.1 and a P,(%)
0£99.6. Even if he had assumed an activity coefficient for
nicotine of 0.08 (35), his calculations would have given
log K, of approximately -4.0 and a P,(%) of 95.5. This is
a key point. First, it shows that PANKOW’s equation for
absorptive partitioning gives a good approximation of
the amount of gas-phase nicotine in ETS. More impor-
tantly, it shows that PANKOW’s experimental approach
gave an incorrect value.

PANKOW then described the effects of acid-base equilib-
ria on gas/particle partitioning. First he defined ¢ as the
fraction of a compound that is in the particulate phase.

F KTSP

- [2.1]
F+A  1+KTSP

(p:

The fraction in the gas phase is then 1 - ¢. He then
defined oy, as the fraction of particulate-phase nicotine in
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Table 1.
Summary of data from PANKow’s ETS experiment (6, 7)

Measured at 20 °C and 60% RH

Corrected® to 25 °C | Measured at 25 °C and 60% RH

Compounds log 0 (torr) log K, (m*/ug) log K, (M*/ug) log p e (torr)  log K, (m®ug)
n-Alkanes
Cis -3.17 -3.96 -4.22 -2.91 -4.93
C -3.70 -3.98 -4.25 -3.43 -4.35
Ci -4.23 -3.71 -4.00 -3.94 -3.95
Cu -4.76 -3.36 -3.67 -4.45 -3.49
C, -5.28 -2.76 -3.08 -4.96 -3.01
C, -5.81 -2.33 -2.66 -5.48 -2.52
C,, -6.34 -1.65 -2.00 -5.99 -2.24
PAHs
Fluorene -2.42 -4.64 -4.83 -2.23 -5.09
Phenanthrene -3.23 -3.18 -3.39 -3.02 -3.66
Fluoranthene -4.42 -2.24 -2.47 -4.19 -2.76
Pyrene -4.61 -2.16 -2.40 -4.37 -2.59
Chrysene -5.90 -0.66 -0.92 -5.64 -1.55
N-Containing
Quinoline -1.25 -4.16 NR® NR
Isoquinoline -1.38 -3.88 NR NR
Nicotine -1.48 -2.83 NR NR
Carbazole -4.82 -2.26 NR NR

# Values determined at 20 °C corrected to 25 °C according to PANKOW (4)

® NR = Data not reported

the unprotonated form and that the concentration of
unprotonated nicotine in the particulate phase was o I
(ng/m’). Then, PANKOW said that the gas/particle
partitioning coefficient for the unprotonated nicotine
could be found by substituting ag F in Equation [1.1] to
give Equation [2.2]. Rearrangement of the terms gives
Equation [2.3].

o, F
TSP
Kp,fb = T = (X,fpr [2.2]
K, = —;’fb (2.3]
fb

PANKOW then said that when oy, « 1 (acidic smoke), the
protonation of nicotine enhances its ability to partition
to the ETS phase. However, that statement does not
make sense given the sidestream and mainstream data on
bright, Burley, and Oriental tobaccos that were reported
by SAKUMA and co-workers (36, 37, 38) and the pH data
that were generated by BRUNNEMANN and HOFFMANN
on MSS and sidestream smoke (SSS) from different types
of commercial products (39). These studies showed that
among very different types of tobacco, there was little
difference in the SSS/MSS ratio for nicotine and the other
smoke bases, and that there was little difference in the SSS
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smoke pH values. While ETS is a combination of both
SSS and exhaled MSS, there appears to be nothing in the
literature to indicate how protonation of the nicotine in
tobacco or MSS could drive more nicotine into SSS and
hence into ETS. Indeed, one report showed that the
addition of acid to the tobacco column increased main-

stream deliveries of nicotine (40) and thus decreased
those in SSS.

1. Effects of ammuonia-releasing tobacco additives

PANKOW also claimed that Equation[2.3] explained how
addition of ammonia-releasing chemicals to tobacco
would reduce the K for nicotine in MSS. He claimed
that adding a base such as ammonia to the MSS will cause
0, to approach unity thus increasing the value of 1 - ¢.
However, as will be shown in the next part of the
discussion, this does not happen.

In his most recent and most notable paper on tobacco
smoke, PANKOW (8) described how he repeated his ETS
measurements (this time with TMFs instead of GFFs or
QFFs); and how he applied similar methodology to MSS
from two commercial blended cigarettes, which he
designated A and B (now known to have been Marlboro
King Size (KS)and Camel KS, respectively). In both the
ETS and MSS experiments, PANKOW performed his de-



sorption experiments not only with humidified nitrogen
as he had done previously (6, 7), but also with varying
levels of ammonia added to the desorption gas to simulate
the effect of added ammonia, which PANKOW alleged
came from ammonia-releasing tobacco additives (8).
PANKOW based his work on information published by
the U.S. Food and Drug Administration, which also
contained information taken from various documents
from British American Tobacco Company and Brown &
Williamson Tobacco Corporation (41). It will be shown
in the remainder of this discussion that PANKOW’s
experimental work and the conclusions that he obtained
from them were flawed. However, as gas/particle parti-
tioning does occur in MSS, SSS, and ETS, it is important
to understand PANKOW’s logic and the errors in his
experimental work.

111 Application of gas/ particle partitioning theory to nicotine
in smoke

In order to adopt the gas/particle partitioning theory to
nicotine, PANKOW had to redefine several terms. From
acid-base theory PANKOW defined ay, the fraction of
nicotine in smoke that is not protonated as shown in
Equation [2.4].

1

Ogy = — - [2.4]
1+10PH/10™™¢2 4 10-20H/10 P17 Pk

where pK;, is defined to be 3.12 at 20 °C and pK, is
defined to be 8.02 at 20 °C. Since pH values of less than
4 are not expected in MSS, PANKOW simplified Equation
[2.4] to Equation [2.5].
O = ;7 [2.5]
1+10™/10 P

When MSS pH (method not defined) < pK,, then oy <

1.0, but PANKOW said that when MSS pH approaches 8,

g, will approach unity assuming no smoke-phase activity

corrections are required for any of the nicotine species

involved. PANKOW then redefined K| starting from the

concept of K as defined by LIANG and PANKOW (7).
C

fb
Ko = 22 [2.6]

S

In Equation [2.6], ¢, (ng/pg) is the concentration of
unprotonated nicotine in the particulate phase, and ¢,
(ng/m’) is the concentration of nicotine (assumed to be all
unprotonated) in the gas phase. The total nicotine in the
particulate phase is defined as ¢, (ng/ug) and according to

P
PANKOW, the following relationships hold.

U,be
Koy = 2 [2.7]

S

K, = —2-—20 [2.8]

PANKOW stated that at a given temperature and humid-
ity, K, 5, was expected to be independent of the cigarette
blend used, and in the absence of specific information on
0, Equation [2.8] could be used. PANKOW further stated
that while he expected K, 4, to be independent of blend,
he expected K, to be dependent on blend and the mixture
of acids and bases in the resulting pyrolysis products.
Currently, there is insufficient evidence to decide if
PANKOW’s hypothesis with regard to K 4, is correct. It
will be shown later on in this discussion that PANKOW’s
hypothesis with regard to K, in MSS is plausible; how-
ever, with the information at hand, it is difficult to
differentiate changes in K| as a result of dilution of the
smoke and changes in K due to changes in the composi-
tion of the smoke aerosol. Therefore, it may be the case
that smoke aerosols can be better described by PAN-
KOW’s own theory of absorptive partitioning (3) as
represented by Equation [1.6] or as modified using the
approaches described by KAMENS ez 4/ (15, 16, 17).
PANKOW used two additional equations to convert K,
values for nicotine in smoke into percent nicotine in the
gas phase, P,(%).

c c
P (%) = -® = 100% — 9 [2.9]
g c c.+c TSP
g ¢] p
1
P (%) = 100%0 —— 2.10
e ) 1+K, TSP 1210

In Equation [2.10], it is assumed that there is gas/particle
equilibrium; and this assumption will be used when
Equation [2.10] is used for calculations related to ETS
and MSS. Also, when Equations [2.9] and [2.10] are
applied to MSS, TSP is equivalent to TPM expressed on
a weight/volume basis (ug/m’). As will be discussed
later, these equations are important to PANKOW’s
assertions about the amount of gas-phase nicotine that is
available to a smoker.

The results from PANKOW’s experimental work are
shown in Table 2. These are taken from Table 1 of
Reference 8. In addition, the levels of ammonia in the
desorption gas have been converted to a per cigarette
basis (MSS) or per filter basis (E'TS) based on PANKOW’s
statement that a minimum of 40 L of desorption gas was
used for each desorption experiment at a flow rate of
about 1.5 L/minute [in his Additions and Corrections
(11), PANKOW stated that the minimum amount of
desorption gas used for the MSS experiments was 73 L].
Reported MSS deliveries [15 puffs, 30-mL puff volume,
2-sec puff duration, 30-sec puff interval, 35.5 mm diame-
ter TMF (2-um pore size) used instead of Cambridge
filter pad] were approximately 10 mg/cigarette TPM and
0.55 mg/cigarette nicotine. For the ETS experiments,
reported values were TSP, 420 pg/m’; filter load, 287
pg/cm?, ¢, for nicotine, 16 ng/pug; area of desorbed filters,
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Table 2.

Summary of data from Pankow’s ETS and MSS experiments (8)

Puns X 10° (atm) at 20 °C | NH, used (ugffilter) RH (%) log K,
Baseline value from LIANG and PANKOW (7) -2.83
0.01 0.28 60 -3.0
1.7 48 60 -3.72
3.0 85 60 -3.77
21 594 60 -4.38
127 3590 60 -4.93
MSS-A
0.0 0 60 -4.43
1.04 29 60 -4.4
18.6 526 60 -4.7
80.4 2273 60 -4.8
185 5229 60 -4.95
196 5540 60 -4.90
427 12 070 90 -4.99
MSS-B
140 3957 60 -5.02
296 8 367 90 -4.94

17.35 cm? filter load on desorbed filters, 4979 ug.
Reported temperature for the desorption experiments
was 20 °C.

PANKOW’s ETS experiments will be considered first. At
a negligible ammonia level in the desorption gas
(0.01 ppmV), PANKOW found log K, to be -3.0. How-
ever, if it is assumed that 95% of the nicotine was in the
gas phase at the time the ETS was sampled and that the
TSP level of 420 pg/m’ was measured accurately, then by
Equation [2.10], log K, should have been -3.9. To get to
a log K, approaching -3.9, PANKOW had to use at a
minimum 84 pg (5 pmol) of ammonia for about 80 ug
(0.5 pmol) of nicotine. If it is assumed that 97% (a value
taken from Reference 23) of the nicotine was in the gas
phase at the time the ETS was sampled, log K, should
have been -4.13. To reach that level, PANKOW had to use
a minimum of 594 pg (35 pmol) of ammonia for about
80 pg (0.5 pmol) of nicotine. These simple calculations
with PANKOW’s formulae and data show that either his
experimental approach was incorrect or errors were made
in the nicotine determinations needed for the calculation
of the values of log K. The latter case appears to be the
more plausible as PANKOW reported that his recoveries
of the nicotine-d; surrogate internal standard ranged
between 35% and 60%.

If a similar tack is taken for PANKOW’s MSS experiments,
recently presented data and simple calculations show
problems with his experimental approach. In 1998,
JOSEPH and COCHRAN (42) reported that when MSS
from a nonventilated US-blend filter cigarette was diluted
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(each puff diluted 35 mL to 400 mL) exit the cigarette
and put through a denuder, 0.96% [P,(%)] of the nicotine
in the diluted smoke was in the gas phase. Based on the
reported puff count of 8 and an assumed TPM of 21.8
mg/cigarette, the TSP through the denuder was about
6.813 x 10° pg/m’. When these data were used with
Equation [2.10], log K, was -4.82 (K, = 1.51 x 107
m’/ug). In a subsequent presentation, JOSEPH and
COCHRAN (43) reported that a replication of their
previous research yielded a P,(%) of 0.81 + 0.22%.
JOSEPH and COCHRAN also reported that they had
improved their technique such that each puff had to be
diluted to only 60 mL prior to the denuder. Their new
findings showed a value of 0.014 + 0.010% for P,(%) for
a full flavor cigarette. In the same presentation, JOSEPH
and COCHRAN also reported that when the same type of
cigarette was made with 20% filter ventilation, P,(%)
increased to 0.051 + 0.037%. These data are summarized
in Table 3. Calculated values for log K, from both studies
by JOSEPH and COCHRAN ranged from -4.85 to -3.26.
KINSER ¢ al. (44) presented data on the amount of
nicotine that passed through the Cambridge pad and was
trapped on XAD-4 resin during FTC (Federal Trade
Commission) smoking. If it is assumed that nicotine
passing through the Cambridge pad is gas-phase nicotine,
levels for P,(%) and estimations of log K can be obtained
from KINSER’s data by use of Equation [2.10] and data on
the TPM deliveries and puff count. The results of these
calculations and estimations also are shown in Table 3.
Values for P (%) ranged from 0.75% for a highly venti-



Table 3.

Summary of calculated values of K, for nicotine in MSS (42, 43, 44)

Cigarette Per puff dilution P,(%) K, (m*/ug) log K,
FF* American blend 35 - 400 0.96 1.51x10°® -4.82
FF American blend (+EE)° 35 - 400 1.03 1.41x10° -4.85
FF American blend 35 - 400 0.81 1.80 x 10°° -4.75
FF American blend (-EE) 35 > 400 0.59 2.47 x10° -4.61
FF American blend (+EE) 35 - 60 0.024 9.17 x 10 -4.04
FF American blend 35 - 60 0.014 1.57x10* -3.80
FF American blend (-EE) 35 - 60 0.004 5.50 x 10™* -3.26
FF American blend + 20% FV° (+EE) 35 - 60 0.088 4.54 x 10°° -4.34
FF American blend + 20% FV 35 - 60 0.051 7.84 x 10 -4.11
FF American blend + 20% FV (-EE) 35 - 60 0.014 2.86x10* -3.54
Cambridge Lowest 100s none 0.75 1.68 x 10°° -4.77
Merit Ultra KS none 0.24 2.28 x 10 -4.64
Marlboro Lights KS none 0.06 3.72x107° -4.42
Industry Monitor 16 none 0.02 6.94x10° -4.16
@ FF = Full flavor
® EE is the experimental error reported for the values reported by JoserH and COCHRAN (43)
¢ FV = Filter ventilation
. 1049 :
lated product to 0.02% for a nonventilated product. The Oy, = 102 211 [2.11]

corresponding estimates for log K, ranged from -4.77 to
-4.16. These estimates may be high because no allowance
has been made for gas-phase nicotine that may have been
retained by the Cambridge pad (34). While the data from
KINSER e# a/. showed somewhat lower values for K than
did the work of JOSEPH and COCHRAN, both studies
point to values for log K, of between -4 and -5 for
contemporary American products. Indeed, PANKOW
reported log K, to be -4.43 for the TPM of MSS- A when
his desorption experiments were carried out without the
use of ammonia in the desorption gas. Also, the increases
in P, (%) with increases in filter ventilation have also been
confirmed by MARINER and FROST (45).

As shown in Table 2, PANKOW had to use at least 40 L of
desorption gas containing 80.4 ppmV ammonia to achieve
a log K, of -4.8 for MSS-A. This corresponded to
2273 pg (134 umol) of ammonia for 550 ug (3.4 pmol) of
nicotine. To achieve what PANKOW called his “full
ammonia effect” (log K, = -4.94), he had to use at least
5229 pg (308 pmol) of ammonia for the same 550 ug
(3.4 pmol) of nicotine. PANKOW made much of the “full

ammonia effect” as the data in Table 2 show that when
large amounts of ammonia were used, the values of log K,
for all three samples tended to reach a value of around
-4.9 to -5.0. PANKOW assumed that alog K, of -4.94 for
nicotine in MSS at 20 °C meant that a;, ~ 1. PANKOW
then stated that by Equation [2.8], when the K, for MSS
with the “full ammonia effect” is divided by the K_for the
MSS with “no ammonia effect” (remember that the “no
ammonia effect” value was taken from an ETS that was
flawed) that o, = 10 >" as shown in Equation [2.11].

PANKOW then used Equation [2.5] to calculate a smoke
pH of 5.91. However, from the recent work of just cited
(42, 43, 44) and from that of LEWIS, COLBECK, and
MARINER (46) on the diluted MSS from a commercial
cigarette that delivered 13 mg "tar" and 1.2 mg nicotine
(46, 47), which PANKOW cited and used to calculate a K,
of 107%, it is known that K for nicotine in tobacco
smoke could be less than 10 *”*. If it is assumed that the
cigarette used by LEWIS ¢7 4/ had a TPM pH of 6 (42),
then by Equation [2.2] a, = 10 *®. Then, by rearranging

Equation [2.8] to give Equation [2.12], K, can be
calculated as follows assuming a K of 107>,
oK) = 10729 - 10°°% = 10710 = K o [2.12]

As Equation [2.12] shows, PANKOW not only erred in
using his baseline value of log K of -2.83 to represent
MSS from a cigarette that had no ammonia treatment
even though that value was determined on ETS and (as
shown above) was incorrect even for ETS, but he also
erred in his estimation of K .

Also, PANKOW had data to indicate that for MSS-A,
when no ammonia was used in the desorption gas, log K,
was -4.43. Indeed, if he had used his own work on
absorptive partitioning (3) and common knowledge of
the major smoke components of commercial cigarettes
[TPM, water, nicotine, glycerol, propylene glycol,
neophytadiene, phenol, acetic acid, menthol (if present),
and triacetin (if a filter cigarette and the filter contained
triacetin)] (48, 49, 50, 51, 52, 53, 54), he could have
estimated K, by Equation [1.6]. Indeed, if PANKOW had
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Table 4.

Summary of calculated values of y for nicotine in MSS for a nonventilated filtered US-blend cigarette (42, 43)

Cigarette Per puff dilution P,(%) K, (m*ug) %

FF* American blend 35 - 400 0.96 1.51x10° 0.67
FF American blend (+EE)" 35 - 400 1.03 1.41x10° 0.71
FF American blend 35 - 400 0.81 1.80x10°° 0.56
FF American blend (-EE) 35 - 400 0.59 2.47x10° 0.41
FF American blend (+EE) 35 - 60 0.024 9.17 x 10°® 0.11
FF American blend 35 - 60 0.014 1.57x10* 0.06
FF American blend (-EE) 35 - 60 0.004 5.50 x 107 0.02

2 FF = Full flavor

® EE is the experimental error reported for the values reported by JoserH and COCHRAN (43)

¢ A value of 1.0 x 107° m*/ug at 25 °C has been used for the calculated

done that for cigarettes of the type he used, he would
have found a value for K, of 1.8 x 107 (log K, = -4.7).
Some comments about this estimation are in order: (A)
/- has been assumed to be unity based on PANKOW’s use
of Equation [1.6] (7, 19); (B) data on TPM, water, nico-
tine, and the other major smoke components (FTC
conditions) along with PANKOW’s assumption about the
general MW of smoke [a value of 250 g/mol was used for
the uncharacterized part of smoke, (7)] are needed to
estimate MW __; (C) the vapor pressure of nicotine is
needed for p,” and a value of 0.012 torr (20 °C) was used
(55); and (D) an activity coefficient of unity was assumed.
However, if this calculated K of 10* is checked for
reasonableness by calculating oy, a value of 10 ** is found
using a value of 107" for K, ;. When the value for oy, of
10"** is substituted into Equation [2.2], the estimated pH
is 5.7. This is a very reasonable value given all the asump-
tions that have been made (56, 57°).
With the experimental data from JOSEPH and COCHRAN
(42, 43), it is possible to estimate the activity coefficient
for nicotine in TPM. If it is assumed that all factors are
constant between the K estimated by Equation [1.6] (1.0
x 107 m’/pg at 25 °C for a filtered, but not ventilated
KS American blend product) and the values for K,
estimated from the experimental data for a similar
product (Table 3) except for the activity coefficient, then
the activity coefficient for nicotine in the TPM can also

 NOTE ADDED IN PROOF. The estimate of 107 for K, ;,
versus PANKOW’s estimate of 107*** has taken on new importance. Very
recently, PANKOW presented the following data (the method used and
its accuracy and precision, not specified) for four unnamed brands of
US cigarettes. K, values: 107%, 107,107, and 107**. Corresponding
ag, values: 0.0045, 0.045, 0.45, and 0.51. Calculated MSS pH values: 5.7,
6.7, 7.9, and 8.1. Calculations showed that these data were obtained
with the estimate of 107 for K, ;. However, if the estimate of 107
for K, g, is used, calculations give the corresponding ay, values: 0.000032,
0.00032, 0.0032 and 0.0036. Calculated MSS pH values: 3.52, 4.52, 5.52,
and 5.57. While the calculated smoke pH value of 3.52 may seem
unreasonably low, it is based on the data that PANKOW presented.
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value of K, using Equation [1.6]

be estimated (17). These estimates are shown in Table 4,
and they range from 0.02 to 0.71. The values for y shown
in Table 4 indicate that y probably does not remain
constant as smoke is diluted. Also, the values for y
estimated from the data on P,(%) of JOSEPH and COCH-
RAN (43) from their most recent experiments (each puff
diluted from 35 mL to 60 mL prior to dilution) are in the
same order of magnitude as the values reported by
NORTON and co-workers (35) for aqueous nicotine
solutions of about the same weight percentage that
would be obtained from particulate-phase nicotine
dissolved in particulate-phase water.

The data in Tables 3 and 4 show that if PANKOW’s
hypothesis about K, g, is correct, then ay, is changing as
MSS is diluted as required by experimentation to deter-
mine P,(%) (42, 43, 45, 46, 47) or through changes in
cigarette design including filter ventilation (43, 44, 45).
Since PANKOW related oy, to smoke pH (method not
defined), and since o, must increase as K, decreases if
K, g is constant by Equation [2.8], then oy should
increase with filter ventilation. This effect has been
shown experimentally by MORIE and BAGGETT (58).
Filter ventilation not only reduces K, through a decrease
in TSP by Equation [1.1], but it also may cause y to
increase.

It must be pointed out that there were two other errors
in PANKOW’s use of ammonia in the desorption gas to
simulate the basicity of MSS ammonia. While ammonia
is predominately in the gas phase of smoke, although
some is found in the particulate phase (59), most of the
ammonia in smoke is protonated (60). Thus, PANKOW’s
use of fully unprotonated ammonia was not appropriate.
Also, he should also have added carbon dioxide to his
desorption gas. There are relatively large amounts of
carbon dioxide in the gas phase of smoke (61, 62) along
with relatively large quantities of gas-phase water (63,
64). These lead to the formation of nascent carbon
dioxide and the reduction of smoke pH (65).



Table 5.

Corrected calculated values for the fraction P,

(%) of nicotine on dilution of MSS

Smoke type TSP (ug/m®) log K, (m*/ug) Py eq(%)
MSS 4.00 x 10’ -4.43 0.07
MSS/14 2.86 x 107 -4.43 0.93
MSS/28 1.43 x 10° -4.43 1.85
MSS 4.00 x 10’ -5.18 0.22
MSS/14 2.86 x 107 -5.18 2.98
MSS/28 1.43 x 10° -5.18 5.79

In Table 5, PANKOW's assumption of a MSS TSP of 4 x 107 pg/m® was used along with RAY’s data on the vapor pressure of nicotine at
20 °C and 37 °C. PANkow's value of -4.43 for log K|, at 20 °C was used.

IV, Postulated effects in the smoker’s lungs

A key point in PANKOW’s 1997 paper was that dilution
of inhaled MSS by the tidal volume of air in a smoker’s
lungs increased the amount of unprotonated nicotine
present in the smoke (8). He postulated that the tidal
volume of air would give a dilution factor of 14. He
further postulated that diffusive mixing of the smoke
with inhaled air would further dilute it by a factor of two
for a total dilution factor of 28. He also stated that
because a smoker’s lungs are at body temperature (37 °C)
that K had to be adjusted for temperature as values of K,
are inversely proportional to vapor pressure (4). He
further assumed that values of K, for inhaled smoke
would not change with dilution, and that the undiluted
MSS from a cigarette without ammonia-containing
additives would have a log K, of -2.83. The results of
these assumptions, which were given in Table 3 of
Reference 8, led PANKOW to claim that the use of ammo-
nia-containing additives would increase the unprotonated
nicotine available to the smoker 100-fold. Since that time,
PANKOW discovered that he had made an error in his
calculations and, as already mentioned (11), published
corrections to his original paper. However, PANKOW’s
corrected data are still in error as he continued to use a
value for K of log -2.83 for nicotine in MSS at 20 °C. As
shown in Table 3, this value is incorrect based on the
experimental work of JOSEPH and COCHRAN (42, 43) and
of KINSER et al. (44). Furthermore, as shown below,
PANKOW’s “ammonia effect” is not relevant as the vast
majority of smoke ammonia goes to SSS. In Table 5, a
more accurate presentation of the situation is given. In
this Table, PANKOW’s assumption of a MSS TSP of 4 x
10" ug/m’ was used along with RAY’s data on the vapor
pressure of nicotine at 20 °C and 37 °C. PANKOW’s value
of -4.43 for log K, at 20 °C was used.

PANKOW originally claimed that P, (%) for MSS at
37 °C that had been diluted 14-fold (MSS/14) would
increase from 0.25% without added ammonia to 25%

with added ammonia. More recently, PANKOW claimed
that the increase was from 0.094% to 11%, as the wrong
factor was used to correct K, for the temperature change
from 25 °C to 37 °C (11). However, those data are still
based on incorrect K values. When calculated correctly
(Table 5), MSS/28 at 37 °C has an estimated P,,, of
2.98%. The calculated value for P,, (%) of 0.93% for
MSS/14 (TSP = 2.86 x 10° ug/m’) at 20 °C was quite
close to the experimentally determined value of 0.96%
for P, (%) at 25 °C that was reported by JOSEPH and
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COCHRAN for a TSP of around 6.81 x 10° ug/m’ (42).
V. Generation and fate of smoke ammonia

Another way to look at the issue of ammonia is to
review what is known about the generation and fate of
smoke ammonia. Smoke ammonia comes from several
sources: (A) the pyrolysis of proteins and other organic
nitrogen compounds in the blend (66); (B) the conversion
of nitrate during the smoking process (67, 68); (C) the
decomposition of ammonia-containing additives that
may not be consumed by reactions with other tobacco
components if such additives are used; and residual
ammonia in the blend from the use of ammo-
nia-containing additives.

While there appears to be no references in the peer-re-
viewed literature as to the levels of unreacted ammo-
nia-containing additives in commercial cigarettes, infor-
mation does exist as to the residual ammonia levels in
commercial cigarette products and that information
comes from work commissioned by the Massachusetts
Department of Public Health (69). The work commis-
sioned by the Massachusetts Department, and which was
performed by Labstat, Inc., included determinations of
both blend ammonia and smoke ammonia as well as
smoke pH by the technique developed by SENSABAUGH
and CUNDIFF (70). Two of the products tested were the
same brand styles as used by PANKOW. The relevant data
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Table 6.

Blend ammonia, MSS ammonia and MSS pH for selected American cigarettes (69)

Brand style FTC "tar" (mg/cig) Tobacco NH; (%) Smoke NH; (ug/cig) Smoke pH
Camel KS (MSS-B) 14 0.11 33 6.00
Camel Lights KS 9 0.13 21 6.07
Camel Ultra Lights KS 5 0.12 13 6.35
Marlboro KS (MSS-A) 16 0.27 32 6.03
Marlboro Lights KS 10 0.28 22 6.13
Merit Filters 100s 9 0.29 19 6.33
Merit Ultra Light KS 5 0.34 12 6.33

from the Massachusetts report (Table 6) show that for the
two brands that PANKOW used as well as the other brands
tested that there is no relationship between tobacco
ammonia and smoke ammonia. Also, there appears to be
no relationship between either tobacco ammonia or
smoke ammonia and smoke pH. The Massachusetts
findings are also supported by findings presented by ELLIS
et al. (71).

The main reason for this is that the major part of smoke
ammonia emerges as SSS, and SSS ammonia/MSS ammo-
nia ratios of 150/1 or more are typical for contemporary
US-blend filter cigarettes (72). Indeed, for the Kentucky
1R4F reference cigarette (73), the MSS ammonia delivery
has been reported to be 18 ug/cigarette (74); however, the
SSS ammonia delivery on the 1R4F has been reported to
range between 7200 and 9100 pg/cigarette (74, 75) for a
SSS/MSS ratio of 400:1 or greater. Another reason for the
lack of correlation between the use of tobacco ammonia-
tion processes and smoke ammonia is that ammonia and
its salts react with the reducing sugars in the tobacco to
yield sugar-ammonia reaction products. This has been
shown by work with ammonia sources labeled with "N
followed by analysis of the sugar-ammonia reaction
products by GC/MS (76, 77). Tobacco ammoniation is a
common way to introduce flavors and flavor precursors
through the use of the Maillard reaction (78, 79). Such
reactions are well known in both the tobacco and food
industries (80, 81), and except in the case of urea (82),
most of the ammonia-containing reactants will be con-
sumed as long as an excess of reducing sugars is main-
tained (83, 84).

PANKOW stated that reconstituted tobacco could be used
at up to 30% of the tobacco blend and that up to 10% of
such reconstituted tobacco could contain ammonia-con-
taining materials such as diammonium phosphate (DAP)
or urea. If it is assumed that lights products such as
represented by the Kentucky 1R4F reference cigarette
(73) has properties similar to many contemporary com-
mercial products on the US market, then the effects on
MSS ammonia can be calculated. In the examples shown
in Tables 7, 8, and 9, PANKOW’s levels of ammonia-con-
taining compounds are assumed along with a tobacco
weight similar to that reported for the 1R4F (85) and the
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400/1SSS/MSS ammonia distribution mentioned earlier.
The data in these tables show that at a maximum, which
would represent no reaction of ammonia-containing
chemicals with other blend components, the MSS
ammonia level would rise from 18 pg/cigarette to 51
pg/ cigarette. The value of 51 pg/cigarette is well within
the range reported for domestic products (60). It should
be noted that none of the Kentucky reference cigarettes
manufactured to date has used any ammonia-containing
compounds (85).

V'L Bioavailability of nicotine in aerosols

One of the key arguments that PANKOW used to support
his conclusions as well as attract media attention was to
tie his conclusions on the pH of MSS to those of BURCH
¢t al. on the bioavailability of nicotine in nicotine/saline
aerosols (86). BURCH’s work was an extension of his
previous work (87) and that of LUX and FRECKER (88) to
develop palatable and effective nicotine aerosols for
smoking-cessation programs. BURCH exposed volunteer
smokers to nicotine/saline aerosols that were prepared
at pH 5.6, 7.5, and 11. He then measured the plasma
nicotine levels periodically. The error in BURCH’s work
was that the different groups of smokers started at
different baseline levels of plasma nicotine (subjects only
abstained from smoking for an hour before the experi-
ments). BURCH found no statistically significant differ-
ence (p = 0.051) between the plasma nicotine levels for
the aerosol made from a nicotine/saline solution at pH
5.6 and those for the aerosol made from a nicotine/saline
solution at pH 7.5. However, it might be argued that
there was a strong directional trend. Figure 2 in BURCH’s
article, which showed plots of plasma nicotine levels
versus time, showed the curve for the nicotine/saline
solution at pH 7.5 at a higher level than that for the
nicotine/saline solution at pH 5.6. However, when these
curves were adjusted for the difference in baseline plasma
nicotine levels, they were virtually indistinguishable.
There only were statistically significant differences
between the aerosols at pH 5.6 and 11 and those at pH
7.5 and 11. Indeed, the times-to-peak plasma concentra-



Table 7.

Calculated SSS and MSS ammonia deliveries assuming 100% transfer of all DAP?® ammonia to smoke from a
hypothetical filter cigarette with a tobacco blend containing 30% RTS® made with 10% DAP.

Tobacco or smoke parameter Amount
Tobacco weight of typical domestic cigarette 767 mg
Weight of RTS at 30% inclusion in tobacco blend 230 mg
Weight of DAP at 10% of RTS 23 mg (0.174 mmol)
Weight of ammonia transferred to smoke assuming 100% transfer and 2 moles
. 5932 g
ammonia per mole DAP
Assumed SSS/MSS ratio 400

SSS ammonia attributable to DAP
MSS ammonia attributable to DAP

5917 ug/cigarette
15 pg/cigarette

# DAP = diammonium phosphate
P RTS = Reconstituted tobacco sheet

Table 8.

Calculated SSS and MSS ammonia deliveries assuming 100% transfer of all urea ammonia to smoke from a

hypothetical filter cigarette with a tobacco blend containing 30% RTS made with 10% urea

Tobacco or smoke parameter Amount

Tobacco weight of typical domestic cigarette 767 mg

Weight of RTS at 30% inclusion in tobacco blend 230 mg

Weight of urea at 10% of RTS 23 mg (0.383 mmol)
Weight of ammonia transferred to smoke assuming 100% transfer and 2 moles 13 020 pg
ammonia per mole urea

Assumed SSS/MSS ratio 400

SSS ammonia attributable to urea
MSS ammonia attributable to urea

12 987 ug/cigarette
33 pg/cigarette

Table 9.

Calculated SSS and MSS ammonia deliveries assuming 100% transfer of all DAP ammonia to smoke from a
hypothetical filter cigarette with a tobacco blend containing 30% RTS made with 10% DAP after accounting for

reactions with reducing sugars

Tobacco or smoke parameter Amount
Tobacco weight of typical domestic cigarette 767 mg
Weight of RTS at 30% inclusion in tobacco blend 230 mg

Weight of DAP at 10% of RTS

Weight of available ammonia

Weight of reducing sugars in tobacco at 5% of tobacco weight

Weight of ammonia consumed by reaction with sugars

Weight of remaining ammonia available for transfer to smoke and assuming
100% transfer

Assumed SSS/MSS ratio

SSS ammonia attributable to DAP

MSS ammonia attributable to DAP

23 mg (0.174 mmol)
5932 pg (0.348 mmol)
38 mg (0.213 mmol)
3625 ug (0.213 mmol)

2307 pg

400
2301 pg/cigarette
6 pg/cigarette

& Calculated as glucose and/or fructose, mw 180

tions were not dependent on the pH of the solutions used typically reported for MSS and the amount of nicotine
to make the aerosols. delivered was four to five times that of the typical
It must also be pointed out that the mass median diame- cigarette. In addition, the use of BURCH’s data was in-
ters for BURCH’s aerosols were much larger than those appropriate because the pH’s of 7.5 and 11 are far above
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those found in cigarette smoke as even PANKOW agreed
that smoke is acidic. From a purely scientific point of
view, PANKOW’s use of BURCH’s data was inappropriate
as aerosols that are based on sodium chloride undergo
adsorptive partitioning as PANKOW has reported (89), but
cigarette smoke aerosols undergo absorptive partitioning
as he also reported (7). If, on the other hand, absorptive
partitioning were assumed, the estimated K, for BURCH’s
aerosol at neutral pH would be about 2.7 x 10"°m*/pug (v
assumed to be 0.26, £ calculated to be 0.13 as water, in
this case, not assumed to be part of the absorbing organic
matter). This is about an order of magnitude less than
that estimated for cigarette smoke; and hence, more of
the nicotine would be in the gas phase of the aerosol.
Another paper relevant to BURCH’s work was that of
HAGER and NIESSNER on the amount of gas-phase
nicotine in synthetic aerosols (90). These authors found
that a dehydrated nicotine aerosol (TSP = 4.8 mg/m’)
had 87.6 + 7.3% of the nicotine in the gas phase of the
aerosol. In other experiments, various acids, salts, and
neutral materials were added to the nicotine solution used
to form the aerosols. P,(%) ranged from about 9% (acidic
additives) to over 90% (neutral additives such as glycerol
or triacetin). While such results might be used to support
PANKOW’s hypothesis, the TSP levels used were on the
order of those found in ETS; and thus, the high values for
P,(%) are not unexpected.

VL. Analogy to cocaine

PANKOW also claimed that smoking cigarettes made with
ammoniated tobaccos was analogous to “free-basing”
cocaine or smoking “crack” cocaine. This point also
attracted media attention (9, 10). However, PANKOW
erred in his understanding of the chemistry of cocaine
and its salts as well as that of nicotine and its salts.
Cocaine salts are thermally unstable while those of
nicotine are thermally stable. The major pyrolysis
products of cocaine hydrochloride salt under the condi-
tions expected for smoking have been reported to be a
mixture of carbomethoxycycloheptatrienes and methyl-
amine. The pyrolysis of crack (cocaine hydrochloride
plus sodium bicarbonate) under similar conditions
reportedly gave methylecgonidine as the major product
91).

High yields of cocaine in pyrolyzates have been reported
only when cocaine hydrochloride was treated with strong
base and the completely unprotonated cocaine extracted into
ether, and the extract pyrolyzed (92). This is in sharp
contrast to nicotine, most of whose salts readily yield
unprotonated nicotine on heating with little or no decompo-
sition of the nicotine moiety (93, 94, 95, 96). Also, through
his reference to a book on cocaine abuse (97) PANKOW
attempted to link the pharmacology and pharmacokinetics
of unprotonated nicotine with unprotonated cocaine.
However, for absorption in the small airways and the lungs
the degree of protonation of nicotine is irrelevant (98, 99).
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CONCLUSIONS

This review has pointed out the strong points and weak
points of PANKOW’s use of gas/particle partitioning
experiments and the theory of gas/particle partitioning
to explain the behavior of nicotine in cigarette MSS and
ETS. While PANKOW’s theoretical approaches are
applicable to cigarette smoke if equilibrium (albeit
dynamic) is assumed, his experimental attempts to
determine the gas/particle partitioning coefficient, K,
for nicotine in MSS and ETS, were flawed.

This review also has shown that PANKOW’s experimen-
tally determined K, of 10 ** m’/ug for nicotine in ETS
was incorrect. More importantly, his use of this same
value for nicotine in MSS also was incorrect. This was
shown to be the case through the use of PANKOW’s own
equation to describe gas/particle partitioning when the
partitioning is predominately absorptive, through
analysis of PANKOW’s own experimental data, and
through comparisons of PANKOW’s work with those of
other researchers. Likewise, errors were also found in
PANKOW’s estimation in the amount of gas-phase
nicotine present when MSS is inhaled by a smoker and
that PANKOW significantly overestimated the amount of
gas-phase nicotine that would be present in inhaled MSS.
Finally, this review showed through the use of examples
from the literature that the use of ammonia-containing
tobacco additives does not significantly alter MSS
ammonia levels and hence does not increase smoke pH
or the amount of unprotonated nicotine available to the
smoker.

GLOSSARY

0, = Fraction of particulate-phase nicotine that is
unprotonated

Y, = Activity coefficient of a compound (7) in the
particulate phase

0 = Fraction of acompound that is in the partic-
ulate phase of an aerosol

b = Concentration of unprotonated nicotine in
the particulate phase (ng/pug)

‘ = Concentration of nicotine (assumed to be
unprotonated) in the gas phase (ng/m’)

‘, = Total nicotine concentration in the particu-
late phase (ng/pug)

fom = Fraction of organic matter in the particulate
phase

pi : = Vapor-pressure of a pure compound (?) as a

liquid at the temperature of interest (torr)
A = Molecular vibration time (second)
A = Specific surface area of an aerosol (cm®/pg)
A = Equilibrium concentration of a given com-
ponent in the gas phase of an aerosol

(ng/m’)



= Equilibrium concentration of a given com-
ponent in the particulate phase of an aerosol
(ng/m’)

= Gas/particle partitioning coefficient for
unprotonated nicotine in an aerosol

= Gas/particle partitioning coefficient (m’/ug)
Net weight of particulate matter in a sample
of an aerosol (ug)

M, = Net weight of analyte in known weight of
aerosol particulate matter (ug)

M, = Weight of analyte desorbed in a given time
period (ug)

MW, . = Number average molecular weight of the
particulate phase

N, = Adsorption sites in an aerosol (sites/cm?)

P, (%) Percent of total smoke nicotine that is in the
gas-phase

o = Energy of desorption from the surface of the
aerosol (kJ/mol ")

o, = Energy of vaporization for a component of
interest in the aerosol (k]/mol )

R = Gas constant (8.2 x 10”° m’ atm mol ' T™)

T = Temperature (°K)

TSP = Equilibrium concentration of total sus-
pended particulate matter in the aerosol
(ng/m’)
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