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ABSTRACT: The wide pH range reported for electronic cigarette
(ECIG) liquids indicates that nicotine may be present in one or
more chemical forms. The nicotine form affects the bioavailability
and delivery of nicotine from inhaled products. Protonated nicotine
is normally associated with counteranions in tobacco products. The
chemical and physical properties of counteranions may differently
influence the nicotine form and emissions in ECIG aerosols. In this
study, we examined how these anions influence nicotine emissions
and their evaporation behavior and potential decomposition during
ECIG operation. ECIG liquid solutions with equal nicotine
concentration and pH but different counteranions (formate,
acetate, and citrate) were prepared from analytical standards to
assess the effect of the counteranion on nicotine partitioning. High
performance liquid and gas chromatography methods were
developed to determine the counteranions and the two protonated (NicH+) and free base (Nic) forms of nicotine in
commercially available and standard solutions of ECIG liquids and aerosols. In commercial samples, acetate and citrate anions
were detected. In standard solutions, both formate and acetate ions were found to evaporate intact, but citrate ion decomposed
into formic acid and other products. This study also shows that the identity of the counteranion has no effect on total nicotine
emission from ECIG in agreement with previous reports on tobacco cigarettes. However, the partitioning of aerosolized nicotine
into NicH+ and Nic is anion-dependent even when the parent liquid pH is held constant. These results indicate that the anions
found in a given ECIG product may influence the nicotine delivery profile to the user by enriching aerosols with free-base
nicotine as in the case of polycarboxylic acids such as citric acid.

1. INTRODUCTION

Worldwide electronic cigarette (ECIG) popularity is partially
attributed to its ability to deliver nicotine to the bloodstream in
comparable levels to combustible cigarettes.1−5 Different ECIG
device and e-liquid characteristics, coupled to user behavior, can
influence nicotine delivery by affecting the amount of nicotine
emitted by the device as well as the relative proportion of
nicotine found in free-base form (Nic).6−9 The Nic fraction in
the aerosol was recently shown to be dictated by the fraction of
Nic in the e-liquid10 suggesting that even when the nicotine
concentration is held constant, ECIG liquids with different pHs
(4.8−9.6)11 may widely vary in their ability to deliver nicotine
systemically. This is due to free-base nicotine being the
bioavailable form of nicotine as reported in the literature.
Nicotine can exist in one of three forms depending on the

protonation of its nitrogen centers: Nic, monoprotonated salt
(NicH+, X−) or diprotonated salt (NicH2

2+, 2X−). Nicotine
salts in tobacco leaves consist of protonated nicotine bound to
organic counteranions (X−)- mainly mono- or polycarbox-
ylates.12 Nicotine in ECIG liquids usually come from the

extraction of tobacco leaves,13 and this may be the main source
of polycarboxylate anions like citrate or tartrate. However,
monocarboxylate anions such as formate and acetate are
expected to be present if the extraction process includes an
acidification step using a carboxylic acid.14 Therefore, we
hypothesize that nicotine delivery from ECIG emissions may
vary even when the parent liquids have the same pH depending
on the identity of the counteranion found in the liquid.
Although Nic is the only volatile form, NicH+ was detected

in both tobacco cigarette smoke and ECIG vapor.10,14−17

Assessing the parameters that affect NicH+ aerosolization is
very important because nicotine delivery to the body is usually
linked to nicotine forms.18 Therefore, this work is comple-
mentary to our prior study that addressed the effect of the Nic/
NicH+ ratio in ECIG liquids on total nicotine yield and Nic/
NicH+ ratio in the aerosol,10 However, our goal here is to study
the effect of the counteranion on these two measurements. We
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identify the counteranions in some of the commercial ECIG
brands and assess the effect of the counteranion using standard
solutions. We then measure the total and fraction of free base
nicotine as well as the acid content in aerosols.

2. MATERIALS AND METHODS
2.1. Materials. ECIGs of EC-Blend, Retro, Blu, and Liquid Express

brands were procured from Internet vendors. High Performance
Liquid Chromatography (HPLC)-grade water, toluene, and acetoni-
trile solvents, pure free-base nicotine (CAS registry number 54-11-5)
and hexadecane (CAS registry number 544-76-3) were procured from
Sigma-Aldrich. The latter was used as an internal standard in nicotine
quantification. Formic (CAS registry number 64-18-6), acetic (CAS
registry number 64-19-7), tartaric (CAS registry number 87-69-4), and
citric acids (CAS registry number 5949-29-1) were procured from
Sigma-Aldrich and Surechem Products Ltd. Quartz filters (47 mm
diameter) were purchased from Whatman International Ltd. and used
for particle phase trapping.
2.2. pH Measurements of Commercial ECIG Liquid

Solutions. Depending on the labeled nicotine concentration, 0.15−
0.45 mL of ECIG liquid was added to deionized water in order to
prepare a final solution 6 mL of 600 μg/mL nicotine concentration in
a final volume of 6 mL. The pH of this extract was measured by a
Starter 3100 OHAUS pH-meter.
2.3. Determination of the Counteranion. The counteranion of

protonated nicotine in commercial products was determined by high
performance liquid chromatography−diode array detection (HPLC-
DAD). Formic, acetic, tartaric, and citric solutions were used as
standards. ECIG liquid solution at 800 μg/mL was prepared by
dissolving an X mL (depending on the nicotine labeled concentration)
of ECIG liquid in 1 mL of water as a function of its stock
concentration (e.g., 50 μL of ECIG liquid of nicotine concentration of
16 mg/mL was dissolved in 1 mL of water). The resulting solution was
sonicated for 30 min, and then, a 15 μL aliquot was injected into an
Agilent 1100 HPLC-DAD system, equipped with Bio wide pore C18-5
column (25 cm × 4.6 mm, 5 μm) purchased from Supelco. An
isocratic elution using a mixture of 97% sulfuric acid solution (0.05%
v/v aqueous solution) and 3% acetonitrile (pH 2.7) was run at 0.4
mL/min. Formic, acetic, tartaric, and citric acids were detected at 210
nm and at 9.3, 11.2, 8.8, and 12.1 min, respectively. The acid content
was confirmed by comparison to standard solutions or by standard
addition to the samples when necessary. For quantification, calibration
curves for the different acids were prepared.
2.4. Lab Prepared Standard ECIG Liquid Solutions. The

nicotine−counteranion solutions were prepared by dropwise addition
of standard solutions of formic, acetic, and citric solutions to basic
nicotine solutions of 36 μg/mL in propylene glycol (PG) in order to
reach a final pH of 8. The final pHs of nicotine-formate, nicotine-
acetate and nicotine-citrate were 7.9, 8.2 and 8.0, respectively. Samples
of two monocarboxylic acids, i.e., formic acid (boiling points (bp) of
100.8 °C) and acetic acid (bp of 118 °C) and one poly(carboxylic
acid) (citric acid with bp of 310 °C) were used to assess their effect on
nicotine evaporation and elucidate the mechanism of evaporation.
Citric acid is also thermally unstable since it starts degrading at
relatively low temperatures (<200 °C).
2.5. Aerosol Generation and Sampling. A custom-designed

digital puff production machine was used to generate ECIG aerosols
from a session of 15 puffs at two different powers (1.30 ± 0.05 and
4.65 ± 0.17 W).6 Puff topography (puff duration, interpuff interval,
and flow rate) was selected to represent an experienced ECIG user
with a rectangular shape puff volume of 67 mL, 4 s puff duration, 10 s
interpuff duration, and a puff velocity of 1 L/min.6 Two branches
emerged from the ECIG mouthpiece: total particulate matter (TPM)
in one branch was collected on a quartz filter for nicotine
quantification, and TPM in the other branch was collected on another
quartz filter for determination of the counteranion. Each sample was
tested in triplicate, and the results are shown as the average of three
measurements. The TPM was determined gravimetrically by weighing
the filter pad before and after each sampling session.

2.6. Nicotine Quantification and Partitioning in ECIG Liquid
and Aerosol. NicH+ and Nic were quantified according to a reported
method (NicH2

2+ is not present in the prepared solutions at pH
around 8).10 In brief, an aliquot of ECIG liquid was immersed in 6 mL
of water to form a solution of 600 μg/mL concentration, and then 6
mL of toluene was added to extract Nic from the aqueous phase. This
step was repeated to ensure complete extraction of Nic. Next, 700 μL
of NaOH solution (1N) was added to the aqueous layer to convert
NicH+ in solution into Nic, before extracting the solution twice with
toluene as described for the Nic fraction. Toluene extracts were diluted
before injection into the Gas Chromatograph (GC-FID) for analysis.
Quantification was done using a calibration curve (50−1000 μg/mL)
prepared from standard nicotine solutions. Similarly, nicotine forms
were separately quantified in the aerosol using the same method by
immersing the filter pad in 6 mL of water and following the same
steps. The oven temperature program of GC-FID was initiated at 70
°C for 2 min and then ramped at 25 °C/min until reaching 220 °C,
and held for 1 min; the total run time was 9 min.

3. RESULTS
Acetate and citrate anions were identified in some of the tested
commercial ECIG liquids (Table 1). Accordingly, the standard

solutions of nicotine-acetate, -citrate, and -formate (the most
volatile) were tested in order to assess the effect of the
counteranion on nicotine emissions.
The ECIG was run at 1.3 and 4.6 W to assess the effect of the

battery power output on the status of the anion species.
Starting with the same liquid nicotine concentration, we found
that the aerosol nicotine concentration at 1.3 W (14.9 ± 1.9
mg/mL) was smaller than that at 4.6 W (25.3 ± 0.9 mg/mL).
Both were lower than the initial concentration in the ECIG
liquid (35.8 ± 0.2 mg/mL) (significant difference with P <
0.01) as shown in Figure 1. At a given power, the total nicotine
yields in aerosols generated from formic, acetic, or citric ECIG
liquids were not significantly different. In terms of free-base
nicotine (Nic), however, the Nic fraction in aerosols formed
from heating formic and acetic acid solutions at 1.3 and 4.6 W
(Figure 2) were similar to those in the liquid. The citric acid
solution had significantly higher aerosol Nic fraction at 1.3 and
4.6 W than its corresponding liquid solution. It is important to
note that low citric acid concentrations were detected in
aerosols as shown in Figure 3.

4. DISCUSSION
This study assesses the effect of the counteranion of protonated
nicotine in ECIG liquids on the delivery of total and free base
nicotine to the aerosol. The results showed that total nicotine
yield in the aerosol is independent of the nature of the
counteranion and that the efficiency of nicotine transfer to
aerosols was similar between free-base nicotine and nicotine
salt solutions. These findings support what was reported by

Table 1. Identification of Counteranion of Protonated
Nicotine in Some Commercial e-Liquid Solutions

brand flavor
liq conc
(mg/mL) pH counteranion

EC-blend buttered Keoke rum
coffee

18 5.5 acetate

Blu classic 24 7.7 acetate
Retro citrus fizz 6 9.0 acetate
Retro juggle bear 18 7.0 acetate
Liquid
Express

watermelon chill 26 9.1 citrate
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Shihadeh and co-workers who showed that the total nicotine
yield obtained from e-cigarettes is independent of pH and is
mainly a function of the total nicotine content in ECIG liquid
and the battery power output.6,7,10,19 This also agrees with the
literature on tobacco cigarettes where nicotine vaporization
efficiency is the same regardless of the nicotine source (i.e.,
tobacco leaves), its protonation with various acids, or its
presence in the free-base form.14,16 The observation that
nicotine concentrations in aerosols were lower than those in
ECIG liquids is attributed to the lower vapor pressure of PG
compared to that of nicotine as described by Talih et al.20

The distribution between NicH+ and Nic in aerosols was
similar to that in ECIG liquids for the highly volatile
monocarboxylic acids (formic and acetic) at both powers.
Hellani et al. reported similar results for e-liquid solutions that
were prepared with highly volatile acids like acetic acid.10

However, in the case of low volatile polycarboxylic acids like
citric acid, the results showed that the aerosol was enriched
with Nic at both power outputs. The higher Nic concentrations
in aerosols can be attributed to the inability of citric acid to
evaporate at lower power (1.3 W) or the anion degradation
because formic acid was detected in the aerosols at 4.6 W.21 In

Figure 1. Total nicotine concentration in ECIG liquid compared to nicotine concentration in the aerosol (yield) generated at 1.3 and 4.6 W.
Significant difference (**: P < 0.01) of aerosol relative to liquid; significant difference (‡: P < 0.01) of acid ECIG liquids relative to free-base liquid. A
significant difference (P < 0.01) was also found between 1.3 and 4.6 W for all ECIG liquids.

Figure 2. Comparison of Nic fraction in the aerosols generated at 1.3 and 4.6 W to that in the corresponding e-liquid. Significant difference (*, P <
0.1; **, P < 0.01) relative to the parent liquid.
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conformity, citric acid was recently shown to degrade under
normal ECIG operation conditions.22

Two pathways for nicotine evaporation from nicotine salts
into the particle phase have been suggested.14,16 First the
evaporation of NicH+ during vaping is initiated by the
dissociation of Nic-H+,X−. The volatile Nic and HX products
(formic and acetic acids), recombine in the particle phase to
form NicHX (formate and acetate) salts. Second, the partial
thermal decomposition of the poly(carboxylic acid) (citric acid)
occurs via dehydration and/or decarboxylation, and the Nic is
released to the aerosol.
Hence, the counteranion of the protonated nicotine salts

does not influence the total nicotine yield and consequently the
nicotine flux19 but determines the Nic/NicH+ distribution in
the aerosol. The variation in the Nic fraction in aerosols affects
the nicotine delivery to the different absorption sites in the
human respiratory tract and impacts the systemic delivery.18

■ CONCLUSION

The total nicotine yield in aerosols is mainly a function of the
power output. It is independent of the identity of the
counterion that is bound to the protonated nicotine in liquid
ECIG. At a given pH, the partitioning of aerosolized nicotine
into NicH+ and Nic is similar to that in the ECIG liquids when
the counter carboxylate ion is thermally stable and able to
evaporate at the ECIG operating temperatures, i.e., formic and
acetic acids vaped at 1.3 and 4.6 W. Aerosols become enriched
with Nic when they contain thermally unstable carboxylate ions
like citric acid. The results indicate that the counteranions of
protonated nicotine salts in ECIG products play a role in the
delivery profile of nicotine to the user by altering the Nic/
NicH+ ratio in the aerosol.
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