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Ammonia-forming compounds are routinely added to
cigarette tobacco. The U.S. Food and Drug Administration
(FDA) has argued that this is done to promote the formation

of the volatile free-base form of nicotine in mainstream smoke
(MSS) particles, thus increasing its availability to the
smoker. The presence of ammonia in tobacco smoke may
also be expected to promote the volatilization of nicotine
from environmental tobacco smoke (ETS) particles in indoor
air. The gas/particle partitioning of nicotine can be
parameterized in terms of the gas/particle partitioning constant
Ky, = cplcy, where ¢p (ng/ug) is the concentration in the
particle phase and cq (ng/m?) is the concentration in the gas
phase. The ability of ammonia to increase the amount

of nicotine in the gas phase, as compared to the particle
phase, was measured and confirmed. A gas-phase am-
monia pressure of pyus of ~100 x 1078 atm (100 ppmV) was
found to reduce the K, value for the partitioning of nicotine
to tobacco smoke particulate matter by more than
100-fold. The agreement between ETS and MSS at pyus
~ 100 ppmV w as excellent, suggesting that the overall physical
properties (e.g., polarity and number-average molecular
weight) of ETS and M SS particulate material are very similar.
Because gas-phase nicotine deposits more readily in the
respiratory tract than does particle-phase nicotine and
because free-base nicotine is more lipid soluble than is
protonated nicotine, such a reduction in K, will increase

the availability of nicotine from MSS as well as from freshly
formed ETS particles. At 20 °C and a relative humidity

of 60%, the partitioning constant for the free-base form of
nicotine is estimated to be Ky = cpp/cy = 10744, Cor-
rection to a body temperature of 37 °C yields K5 = 10757,
Calculations using this K5 value indicate that about 25%
of the nicotine will be in the gas phase at a temperature of
37 °C for inhaled M SS under the full ammonia effect at

a total suspended smoke particulate matter level of 3 x 10°

ug/md,

Introduction

The baseammonia,as wellasammonia-formingcompounds
such asdiammonium phosphate (DAP)and urea, isroutinely
added to the tobacco used in domestic cigarettes (/—4).
Though denied by the major domestic tobacco companies,
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the U.S. Food and Drug Administration (FDA) has argued
that an intent of this use of ammonia is to increase as well
as to control the delivery of the alkaloid nicotine to the
respiratorytract ofthe smoker (4). The presumed mechanism
underlying this proposed ammonia effect involves the
formation, in the liquid tobacco smoke particles, of the
volatile, free-base form of nicotine. In arguing their case
that cigarettes are being manufactured as nicotine delivery
devices, the FDA(4) has presented the following quote from
one tobacco company’s “leaf blender’s manual”:

“Ammonia, when added to a tobacco blend, reacts with
theindigenous nicotine salts and liberates free [base]nicotine.
As a result of such change, the ratio of extractable nicotine
to bound nicotine in the smoke may be altered in favor of...
[free-base] nicotine. As we know, extractable (i.e., free-base)
nicotine contributes to impact in cigarette smoke, and this
is how ammonia can act as an impact booster”.

We also note that the conferees at a 1983 BATCO (British
American Tobacco Co.)research conference in Rio de Janeiro
agreed that in order to achieve the goal of “develop[ing]
products that give improved smoker satisfaction”, that it was
important to know as much as possible about nicotine,
including (4) “factors that affect the transfer of nicotine from
leaf to smoke aerosol” as well as “factors that influence the
rate of transfer of nicotine from particulate matter to the
vapour phase”.

Nicotine can exist in a dipronated +2 form (Figure 1a), a
monoprotonated +1 form (Figure 1b), and in the free-base
form (Figure lc). When protonated, the nitrogen on the
pyridine (six-membered) ring (pK; = 3.12 at 20 °C) is
considerably more acidic than the nitrogen on the pyrrolidine
(five-membered) ring (pK> = 8.02 at 20 °C). From standard
acid—base theory, the fraction of the nicotine that is in the
free-base form (o) is given by

_ 1
L 107PH 1077 4 1072y 10 0K T PR

ey

Oy,

Since pH values as low as ~3 are not expected in tobacco
smoke particles,only the +1 and free-base forms are expected
to be important in tobacco smoke. Under these conditions,
eq 1 simplifies to

1

S 2)
1+ 107 P/ 107Pk

g,

When pH < pkK,, the nicotine speciation is dominated by
species other than the free-base form, and ag < 1.0. On the
other hand, raising the pH toward 8 (as for example through
the action of a base such as ammonia) will drive o toward
1.0 (5). An unverified assumption that underlies both eqs 1
and 2isthatno smoke-phase activity corrections are required
for any of the nicotine species.

In both mainstream tobacco smoke (MSS) and in envi-
ronmental tobacco smoke (ETS = sidestream + exhaled
mainstream smoke), the nonvolatile, protonated forms of
nicotine can reside essentially only in the particle phase.
(Nicotine salts possess very low volatilities.) However, the
volatile free-base form can reside in the particle phase and
can also partition into the gas phase. Increasingthe propor-
tion of the particle-phase nicotine that is in the free-base
form will therefore tend to drive more nicotine into the gas
phase. Fundamentalprinciples of gas and particle deposition
(6) predict that the conversion of nicotine to the volatile free-
base form through the action of ammonia should thereby
enhance the deliveryofnicotine from inhaled smoke because
(1) gas-phase nicotine diffuses more rapidly in air than does
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FIGURE 1. Forms of nicotine: (a) diprotonated, (b) monoprotonated,
and (c) free-base.

particle-phase nicotine and will therefore deposit more
efficiently in the respiratory tract than will particle-phase
nicotine and (2) nicotine that deposits from the gas phase
willbe depositingto lungtissue in molecular form and so will
be able to begin diffusing into the body immediately.
Furthermore,increasingthe proportion ofthe particle-phase
nicotine that is in the free-base form will increase the
availability of the nicotine in those particles that deposit in
the respiratory tract: free-base nicotine is much more lipid
soluble than is protonated nicotine and will diffuse out of
deposited particles and into adjacent tissue much more
rapidly than will protonated nicotine.

The effectof pH on the absorption ofnicotine from inhaled
aerosols of saline solution ammended with nicotine was
investigated by Burch er al. (7). Those investigators found
thatincreasing pH was associated with enhanced absorption
of nicotine in the respiratory tract as measured by increased
plasma concentrations of nicotine. That increasing pH and
in particular the action of ammonia can increase the
availability of nicotine from tobacco smoke has not, up to
now,been demonstrated by anystudyconducted in the public
domain. Itis, however, consistent with the reported proper-
ties of tobacco smoke and nicotine. Particles of cigarette
smoke have been found to be naturally acidic due to the
presence among the pyrolysis products of many carboxylic
and inorganic acids (8). Direct measurements of the pH of
tobacco smoke particles made some years ago at unknown
ammonia concentrations yielded valuesin the range 5.0—6.5
(9—11). pHisarelevantparameterin tobacco smoke particles
because of the presence of a significant amount of water in
these particles. Ambient ETS particles collected in a heavily
contaminated indoor environment have been found to
contain ~15% by weight water at a relative humidity (RH)
value of 52% (5). In mainstream smoke and within the
respiratory tract, RH values approaching 100% can be
expected, causing yet higher levels of water in the particle
phase.

The above view of the role ofammonia in tobacco smoke
is analogous to what occurs when the alkaloid cocaine is
“free-based”, or used in “crack” form. Free-based cocaine
and crack are typically prepared by reacting “street” cocaine
(usually the HCl salt of cocaine) with aqueous ammonia and
sodium bicarbonate, respectively (/2). In both cases, the
result is the more lipid-soluble, free-base form of cocaine,
which is then smoked. Smoking volatilizes and aerosolizes
the free-base cocaine which israpidly absorbed into the body,
leading to an immediate and intense high that is said to be
comparable to that obtained with the intravenous injection
of cocaine (/2). In this paper, we demonstrate the ability of
gaseousammoniatoincrease the availability ofnicotine from
both mainstream and ETS particles. This was done by
measuring the ability of particle-phase nicotine to leave that
phase and enter the gas phase.

Gas/Particle Partitioning of Nicotine
A temperature- and humidity-dependent equilibrium par-
titioning constant K, (m3/ug) can be defined for the

distribution offree-base nicotine between the gasand particle
phases (5):

prfb = Cp,fb/ e 3

where ¢, (ng/ug) is the concentration of the free-base
nicotine in the particle phase and ¢, (ng/ m?) is the concen-

tration of nicotine in the gas phase (assuming only the free-
base form is volatile). If ¢, (ng/ug) is the total (protonated
+ free-base) concentration of nicotine in the particle phase,
then

K, = 0gcy/c, 4
At a given temperature and RH, the value of K, i should be
fairly independent of the specific type of tobacco that has
been burned: amixture of pyrolysis products (includingsome
water) with more orless constant physical properties (except
pH) can be expected. In the absence of direct information
on the value of oy, the overall partitioning constant K, can
be measured where (5)

Ky, = Gl g = Kyl Opy ©)

When the tobacco smoke particles are at acidic pH values
so that ag < 1.0, the protonation of nicotine reduces its
tendency to volatilize to the gas phase,and K, becomes large.
Adding a base like ammonia to tobacco smoke will drive og
upward toward 1.0, therebyreducing K, asym ptotically toward
K, ., and increasing the volatilization and availability of the
nicotine from the smoke particles. Thus, while K, s might be
roughly constant ata given temperature and RH for different
samples of tobacco smoke particles, K, will be highly
dependent on the distribution and acidities of the pyrolysis
products found in the particles and on the amounts of bases
like ammonia as well as nicotine itself that are available for
reaction with those acids.

AK, value for nicotine of 107283 m%/ ug at 20 °C and 60%
RH has been measured using ETS particles collected in a
large hall very heavily contaminated with cigarette smoke
(5). Given therelatively high pure compound vaporpressure
exhibited by free-base nicotine [107!48 Torr at 20 °C (I13)],
this measured K, value is much higher than what would be
expected for K, for nicotine sorbing to such particles (5).
This result was taken to suggest that (1) the value K, = 10728
m?3/ ug was affected strongly by pH according to eq 5, (2) the
addition of gas-phase ammonia to ETS would cause the
measured K, value to decrease markedly toward some K, g
value as the gas-phase partial pressure pnusisincreased, and
(3)the presence ofsignificant ammonia in mainstream smoke
willdepress nicotine’s mainstream K, toward that K}, s, value.

Experimental Section

ETS Measurements. ETS particles were collected on a
precleaned 18.5cm x 23.7 cm Teflon membrane filter (TMF)
(2 um pore size, Gelman Sciences) using a standard “hi vol”
air sampler. Air sampling took place in a large public hall
that was heavily contaminated with tobacco smoke. This
was the same site used previously (5). The average air
temperature and RH during the sampling for this study were
16.2 °C and 62.8%, respectively. The flow rate was 1.35 m?%/
min. The sampling time was 3 h, 35 min, for a total sample
volume of 290 m?. The filter was weighed, wrapped in
aluminum foil, then placed in a —70 °C freezer, all within 1
h of sampling. The total suspended particulate (TSP) level
for the sampling event was 420 ug/ m?3, with the filter weighed
at 48% RH. This is comparable to the TSP levels found by
Benner et al. (I4) in the Baltimore Harbor Tunnel, a major
roadway tunnel (geometric mean TSP =456 ug/ m?). Wenote
here that the term RSP (respirable suspended particulate
material) is more common in the tobacco smoke literature
than is TSP. TSP ~ RSP for the tobacco smoke particle size
range.

The ETS particle load on the filter was 287 ug/cm?; at the
time of the analysis, the nicotine concentration ¢, in the
particles was 16 ng/ ug and was determined as follows. A47
mm diameter punch from the main filter was first spiked
with 8000 ng of the surrogate standard nicotine-dz, wetted
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with 0.5 mLofethanol, then extracted 4 times for 2 min each
time using 10 mL aliquots of water that had been acidified
to pH = 0 with sulfuric acid. The extracts were combined,
adjusted to pH >12 with concentrated NaOH, then back
extracted 4 times with 10 mL aliquots of methylene chloride.
After concentration to 0.5 mLand the addition ofnaphthalene-
dg as an internal standard, the sample was analyzed by
capillary column gas chromatography/mass spectrometry
(GC/MS) using a DB-5 column.

Allofthe ETSnicotine desorption experiments were carried
out within about 1 month of sampling. In each experiment,
K, was measured by determining the initial rate at which
free-base nicotine was volatilized from the filter when clean,
20 °C,RH =60% nitrogen gas at varying pnus levels was passed
at ~1.5 I/min through the filter. The apparatus and
experimental approach employed was similar to that used
previously (5), except that valved flow (15—30 mL/min) from
a bubblerin an NH,OH solution (0—1.5 mol/L) was added as
a variable source of NHj3 for the gas flowing over the ETS-
loaded filter. For each run, two separate 47 mm diameter
filter punches were taken from the 18.5 cm x 23.7 cm TMF.
One was used to determine the total nicotine on the filter;
the second was mounted in a 47 mm stainless steel filter
holder, then exposed to the pnus level selected for that run.
Adsorption losses of nicotine to the stainless surface in this
system were checked, and found to be insignificant (<1%).

Three to four sequential measurements of the gas-phase
nicotine concentration ¢ in the flow leaving the filter were
made over the course of each run, using sampling periods
that ranged from 20 to 90 min. The total desorption flow
through the filters ranged from 40 to 100 L. The approach
used to analyze the data was the same as employed previously
(5). Foreach run, the pyus levelin the flow just upstream of
the filter was measured usinga 6 mm i.d. x 150 cm borosilicate
glass “denuder” tube coated with oxalic acid. Approximately
25% of the total gas flow was passed through the denuder.
After sampling, each denuder was extracted with 15—100 mL
of NHs-free water. Dissolved NH3 was determined by the
phenate method (/5). The use ofbackup denuders revealed
no significant breakthrough during sampling.

Gaseousnicotine was collected separately usingthe same
type of oxalic acid-coated denuder tube employed for NH3
collection. Aftersampling,each nicotine denuder was spiked
with 4000 ng of nicotine-d3, then extracted with 40 mL of
water. Subsequenttreatmentand analysisofthe 40 mL water
extract proceeded as described above for the filter extracts.
As in the ammonia determinations, the use of backup
denuders revealed no significant breakthrough during sam-
pling.

MSS Measurements. Several packs of two major brands
of commercial cigarettes were purchased in Portland, Oregon.
Each cigarette was individually numbered, weighed, and
placed in a chamber with RH = 70% for at least 24 h before
smoking. The two different brands were placed in separate
chambers. Mainstream smoke was collected at room tem-
perature (20—24 °C) on 35.5 mm diameter, 2 um pore size
TMFs (Gelman Sciences, Ann Arbor, MI), using 2 s puffs of
~30mlLeach and a puffrate ofonce every30s. Each cigarette
was smoked until the combustion zone was ~0.5 cm from
the cigarette filter. Under these conditions, 14—15 puffs were
taken from each cigarette over 6.5—7.0 min. Each filter was
weighed immediately after smoking, then stored at —70 °C
forlessthan 12h. One cigarette was smoked perfilter,yielding
a particle load on the filter of ~10 mg, or ~0.1 mg/cm?
(including water). The corresponding values for nicotine were
~0.55 mg and ~0.055 mg/cm? After removal from cold
storage, each filter was allowed toreturn to room temperature,
reweighed, then immediately loaded into the filter holder in
the desorption apparatusdescribed above. Duringdesorption
at 20 °C, the nitrogen flow rate through the filter was ~1.5
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TABLE 1. Measured Values of Log K, for Environmental
Tobacco Smoke (ETS) Particles and Mainstream Smoke (MSS)
Particles from Two Brands of Commercial Cigarettes (A and
B} as a Function of Py at 20 °C and two RH Values

Prua x 108 (atm) RH (%) log K, (m%/pg)

ETS

0 60 —2.832
0.01 60 -3.00
17 60 -3.72
3.0 60 -3.77
21 60 -4.38
127 60 —4.93b

MSS-A
0.0 60 —4.43
1.04 60 —4.43
18.6 60 —-4.73
80.4 60 —4.88°
185 60 —4.952
196 60 —4.900
427 90 —4.99b

MSS-B
140 60 —5.02¢
296 90 —4.94b
average of high pnus values = log Kpib —4.94

2 This data point from Liang and Pankow (5) for ETS was obtained
at the same ETS sampling site used in this study. ?Log K, values
included in the estimate of log K, .

I/min. The total desorption flow through the filters for the
different runs ranged from 40 to 100 L.

After desorption, each filter was reweighed, then spiked
with 10 000 ng of nicotine-ds. To determine the remaining
nicotine, each filter was then extracted in the same manner
as with the ETS-loaded filters. This remaining amount was
added to the cumulatively desorbed nicotine to calculate the
initial mass of nicotine on each filter. All filter and denuder
extracts were analyzed by GC/MS as described above.

QA/QC. Nicotine standards with concentrations of 2, 20,
40, and 100 ng/ul. were run at the beginning of each series
ofnicotine analyses. Sample extracts were in every case within
the range 4—20ng/ul.. Standards were also run during or at
the end of each series of nicotine analyses. For each set of
nicotine analyses, the standard deviation of the nicotine
response factors for the different standard runs was always
less than 10% and in most cases was in the range 4—7%. As
noted above, nicotine-ds; was used as a surrogate standard
compound for nicotine. The absolute nicotine-d; recovery
was checked foreach nicotine analysis and found to be in the
range 35—60%. The accuracy of the ammonia method was
checked and found to be 20% relative to known standards.
The precision for ammonia replicates was 6%.

Results and Discussion

Determination of K, m. The log K, vs pxus data for 20 °C, RH
= 60%, and RH = 90% are given in Table 1, and plotted in
Figure 2. The ETS results for RH = 60% were found to be
reproducible in a separate series ofexperiments using quartz
fiber filters (QFFs). The log K, values for both ETS and MSS
undergo a dramatic drop as ammonia is added to the gas
phase. As pgs rises to ~80 x 107% atm [80 parts per million
by volume (ppm V)], log K, begins to approach an asym ptotic
limit which we estimate as log K, s, = —4.94 at 20 °C. The
measurements carried out at RH = 60% and 90% for MSS
suggest that K, s does not depend strongly on RH.

The agreement between the ETS and MSS data at pyuz >
80 ppmVis excellent. The fact that the MSS data lie below
the ETS data for pxus < 50 ppmV may have been due to the
presence of some residual ammonia in the MSS samples.
Those MSS samples may therefore have been more in
equilibrium with the lower pyus values (an so at a higher pH)
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FIGURE2. Log K, (m%ug) vsammonia pressure pyus for environmental
tobacco smoke (ETS) and mainstream tobacco smoke from two
different brands of commercial cigarettes (M $SS-A and M $S-B). At
high puus values, log K, asymptotically approaches log K.

than the ETS samples. At “high” pnus levels, any residual
ammonia would have been unimportant compared to the
applied pnus, leading to a convergence of the MSS data with
the ETS data as observed here.

As discussed above, in the absence ofadded ammonia, a
sample of ETS particles yielded K, = 107283 (5). Since 10™*°¥
107283 = 1072, eq 5 implies that o = 102! when log K, =
—2.83. Byeq 2, this occurs when pH = 5.91, which would be
consistent with the common view that cigarette smoke is
naturally acidic. As pnus increases, the pH in the tobacco
smoke particle phase will rise, driving os — 1. For ag to
reach 0.90, so that log K, ~ log K, s, at 20—25 °C we require
that pH = 8.9.

Gaseous ammonia levels in mainstream tobacco smoke
for contemporary commercial cigarettes have not been
measured. However, according to the FDA (4), ammonia-
containing additives like diammonium phosphate can com-
prise as much as 10% by weight of “reconstituted tobacco
sheet” (RTS). Tobacco blends in cigarettes typically contain
20—30% RTS. These dataindicate thatammonia-containing
compoundscan comprise asmuch as2—3%ofcontemporary
cigarette tobacco. Nicotine, of course, is also itself a base,
and as such particle-phase nicotine will affect the particle-
phase pH. The relative magnitudes of the relative roles of
ammonia and nicotine in driving K, toward K, s in contem-
porarycommercial cigarettes are not presently known, though
it seems likely that ammonia is very important.

K, for Tobacco Smoke as a Function of Dilution. Liang
and Pankow (5) reported a K, value of 107283 for ETS that was
collected in a smoky indoor air environment (TSP =455 ug/
m3) and returned to the laboratory for determination of X,
values by desorption. This ETS was probably exposed to the
room air (including lab air after sampling) long enough to
lose a significant amount of its original ammonia (and
nicotine) by volatilization. Such a loss seems the likely
explanation for why this value is so large compared to our
estimate of 107*% for K, ». As noted above, this type of loss
may also explain why for pygs < 50 ppmV the ETS data in
Figure 2 plot above the MSS data. It is therefore of interest
to examine K, values which might be calculated for tobacco
smoke from commercial cigarettes using actual gas- and
particulate-phase nicotine values found in the literature,
seeking evidence of loss of the pH-affecting compounds
ammonia and nicotine as a function of smoke age and/or
dilution.

Two studies with useful data are available, namely Caka
etal. (16), who examined simulated ETS, and Lewis ez al. (I17),
whoexamined MSS. Both ofthese studiesused contemporary
commercial cigarettes. For the Caka er al. ({/6) study, their
“best” gas- and particle-phase concentrations were combined
with their measured TSP values. For the Lewis et al. (I7)

TABLE 2. Values of Log K; for Tobacco Smoke Particles at
Room Temperature as a Function of TSP?

TSP (zg/m®) log K (m¥ug)
ETS, Caka et al. (16)
184 -3.76
190 -3.73
196 -3.79
930 —4.44
930 —4.46
990 —4.76
MSS, Lewis et al. (17)
1.7 x 107 —5.08

2Values calculated based on reported values of ¢, ¢, and TSP.

-2.5
O ETS—Caka et al. [16]
=301 O Mss-Lewis ot al. [17]
]
5 -3.5 -
— g
E
~ -4.0 -
a
X
o —4.5 - o
< o
______________________________
—5.0 1 log Ko = —4.94 0
-5.5 N ——

log TSP {ug/m%)

FIGURE 3. Log K, (m¥ug) vs log TSP (ug/m® for environmental
tobacco smoke (ETS) and mainstream tobacco smoke (MSS).

study, their reported gas- and particle-phase fractions of 0.7
and 99.3% were combined with their reported TSP value of
1.7 x 107 ug/m3. The resulting K, values are presented in
Table 2. As tobacco smoke becomes diluted and TSP falls,
the value of pyus will decrease, causing X, to rise. Figure 3
illustrates how this data would be consistent with this expected
effect, and the resemblance to Figure 2 is striking. These
results suggest that the ¢p/ ¢ ratio for nicotine can be expected
to change as concentrated tobacco smoke becomes diluted
in indoor air.

Percent Nicotine in the Gas Phase. The product ¢, TSP
gives the amount of particle-phase nicotine (protonated +
free-base)in the smoke in units ofnanograms per cubic meter.
The percent P, of the nicotine that is in the gas phase is then
given by

¢
g
Cy + cpTSPloo% (6)

P, (%) =
When there is particle/gas equilibrium so that c,/c, = K,
then

-
Pyeq (%) = T3 KPTsploo% 7N

It is interesting to make some order of magnitude
calculations with eq 7: TSP level in MSS is variable and
dependsonthe presence or absence ofa filter, the ventilation
allowed bythe wrappingand filter “tipping” papers,and other
parameters (I8). For filter cigarettes, a TSP level of ~4 x 107
1g/ m? might be considered typical. This is based on data
indicating that filter cigarettes yield ~12 mg of particulate
matter (/8),and assuming 8 35 mL puffs per cigarette. In the
past, the study of inhaled tobacco smoke has involved a 35
mLpufffollowed bydilution into a single lung “tidal volume”
of 500 mL (/9). This yields a dilution factor of 14 and a TSP
0f2.86 x 10°ug/ m3. Additional diffusive mixing at the front
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TABLE 3. Calculated Values of the Fraction Py, of Nicotine in
the Gas Phase for Equilibrium Particle/Gas Equilibrium for
Three Values of TSP (MSS, MSS/14, and MSS/28) and Two
Values of Log K, (Small Ammonia Effect and Full Ammonia
Effect for Which K, = K1)

smoke TSP ammonia log Ky percent in gas
type (zg/m3d) effect (m¥ug)  phase (Pgeq%)
20°C
MSS 4.00 x 107 small —2.83 0.0017
MSS/14  2.86 x 108 small —2.83 0.024
MSS/28 143 x 108 small —2.83 0.047
MSS 4.00 x 107 full —4.94 0.22
MSS/14  2.86 x 108 full —4.94 3.0
MSS/28 143 x 108 full —4.94 5.7
37°C
MSS 4.00 x 107 small —3.86 0.018
MSS/14  2.86 x 108 small —3.86 0.25
MSS/28 143 x 108 small —3.86 0.51
MSS 4.00 x 107 full —-5.97 2.3
MSS/14  2.86 x 108 full —-5.97 25
MSS/28 143 x 108 full —-5.97 40

of the inhaled tobacco smoke can yield additional dilution
(e.g., say an additional factor of two for an overall dilution
factor of 28). Table 3 gives the Py, values for a MSS value
of 4 x 107 ug/ m?3, this MSS value diluted by a factor of 14 (i.e.,
MSS/ 14), and this MSS value diluted by a factor of 28 (i.e.,
MSS/28). These TSPlevels are combined with the 20 °Cvalues
oflog K, = —2.83 (small ammonia effect) and log K, = —4.94
(fullammonia effect). The term smallammonia effect rather
than no ammonia effectis used to refer to the log K, = —2.83
value because even though no ammonia was added to the
gas stream duringthat measurement, someresidualammonia
from the original cigarette smoke may have remained in the
smoke particle phase, thereby depressing the measured log
K, value below what would have been obtained for a truly
zero ammonia system for that smoke material.

The calculations in Table 3 forequilibrium at 20 °Cindicate
that with the fullammonia effect acting on an MSS value for
TSP of4 x 107 ug/m?3, only ~0.2% ofthe mainstream nicotine
will be in the gas phase. Measurements made on burning
cigarettes indicate that MSS is in fact often close to ambient
tem peratures (20). Asnoted above,the ambient-temperature,
commercial filter cigarette MSS measurements of Lewis ef al.
(I17)at TSP =1.7 x 107 ug/ m? yielded a gas phase percentage
of ~0.7% for nicotine. This is in very reasonable agreement
with the ~0.5% that would be calculated for that TSP level
and 20 °C and assuming the full ammonia effect.

The temperature of the human body is 37 °C. For
partitioningto organic aerosols, it is known that K}, values are
inversely proportionalto vapor pressure (2/). Since the vapor
pressure of nicotine increases by a factor of ~10.8 between
20 and 37 °C (22), correction of the K}, values at 20—37 °C
involves division by ~10.8. The nicotine fractions that are in
the gas phase at equilibrium in MSS at 37 °C are calculated
to be 0.018% and 2.3%, without and with the full ammonia
effect, respectively. The potential for the absorption of
gaseous nicotine from MSSin the oral cavity therefore seems
small.

In order to obtain upper bounds for the amounts of
nicotine that can be in the gas phase, we will assume here
that the nicotine starts to equilibrate before significant
ammonia is lost (i.e., in contrast to what is depicted in Figure
2, we will assume for the following calculations that K, under
the full ammonia effect does not decrease with TSP, at least
not immediately). Under this assumption, the dilution of
the MSS that accompanies a first-breath dilution factor of 14
increases the calculated equilibrium gas-phase fractions at
37°Cto 25% with the fullammonia effectand 0.25% without.
Forthe former, the gas-phase fraction isnow very significant,
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FIGURE 4. Percent in gas phase at equilibrium (Pyg) vs log TSP
(#g/m?), i.e., as a function of dilution. K values are assumed to hold
constant with dilution. Key: MSS, TSP = 4 x 107 ug/m® MSS/14,
TSP = 2.86 x 10® ug/m® MSS/28, TSP = 1.43 x 10° ug/m®,

with the ammonia causing a boost to the gas-phase of 100-
fold. Ofcourse,nicotine at equilibrium in MSS will notreach
its new equilibrium position for diluted, inhaled smoke
instantaneously. However, the work of Lewis et al. (I8)
indicates that significant volatilization of nicotine can take
place from MSSparticles within time frames ofa few seconds.
These time frames are consistent with recent studies of the
“off-gassing” of fluorene and phenanthrene from diesel soot
particles observed by Kamensand Coe (23). Figure4 provides
plots for a range of TSP values.

We note for the various TSP/temperature/ammonia
combinations in Table 3 and Figure 4 that the values of Pgeq
given there might, at least under some circumstances, be
underestimates of the fractions of the nicotine that could be
delivered by gas deposition from smoke initially at particle/
gasequilibrium. Indeed, deposition of gas-phase nicotine to
the surfaces ofthe respiratory tract willlower the localnicotine
gas-phase concentration. This disturbance of the particle/
gas partitioning will draw more nicotine into the gas phase,
and that nicotine willin turn be available for deposition from
the gas phase. The process will continue until the remaining
particles are exhaled. As noted above, experimental results
obtained with MSS indicate that this volatilization can occur
in seconds, with three times more nicotine capable of being
drawn into the gas phase within 10s than was initially present
in that phase (/7).

Implications of These Findings. The addition ofammonia
to tobacco smoke particles has been found to greatly increase
the volatility of nicotine from those particles. We interpret
this result as being due to the conversion of nicotine from its
protonated form to its free-base form. In particular, such an
increase in the fraction of the particle-phase nicotine that is
in the free-base form will increase the amount of nicotine
thatisin the highlyavailable gas phase,and would also permit
a more rapid absorption of free-base nicotine from particles
that deposit in the respiratory tract.
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