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ABSTRACT: The usage of electronic cigarettes (ECs) has surged since their
invention two decades ago. However, to date, the health e�ects of EC aerosol
exposure are still not well understood because of insu�cient data on the chemical
composition of EC aerosols and the corresponding evidence of health risks upon
exposure. Herein, we quantified the metals in primary and secondhand aerosols
generated by three brands of ECs. By combining aerosol filter sampling and
inductively coupled plasma mass spectrometry (ICP-MS), we assessed the mass of
metals as a function of EC flavoring, nicotine concentration, device power, pu�
duration, and aging of the devices. The masses of Cr, Cu, Mn, Ni, Cu, and Zn were
consistently high across all brands in the primary and secondhand aerosols, some of
which were above the regulated maximum daily intake amount, especially for Cr and
Ni with mass (nanograms per 10 pu�s) emitted at 117 ± 54 and 50 ± 24 (JUUL), 125
± 77 and 219 ± 203 (VOOPOO), and 33 ± 10 and 27 ± 2 (Vapor4Life). Our
analysis indicates that the metals are predominantly released from the EC liquid, potentially through mechanisms such as bubble
bursting or the vaporization of metal−organic compounds. High metal contents were also observed in simulated secondhand
aerosols, generally 80−90% of those in primary aerosols. Our findings provide a more detailed understanding of the metal emission
characteristics of EC for assessing its health e�ects and policymaking.

1. INTRODUCTION

The usage of electronic cigarettes (ECs) has been on the rise
since their introduction two decades ago. Initially designed to
transition tobacco cigarette (TC) quitters, they are believed to
have the benefits of reduced toxicants and elimination of
secondhand aerosols.1,2 The aerosols in EC are generated by
vaporizing a liquid (EC liquid) containing propylene glycerol
(PG) and vegetable glycerin (VG), nicotine, and flavoring
agents.2 Currently, manufacturers of more than 400 identified
EC brands claim that EC is a healthier alternative to
conventional TCs.2,3 However, chemical characterization of
EC aerosols and EC liquids has revealed relatively high
concentrations of nicotine, flavoring chemicals, and organic
byproducts, which may lead to health complications in cases of
excessive and extended use.4,5 Moreover, transition and heavy
metals, such as As, Cr, Ni, Cu, Sb, Sn, and Zn, were detected in
the EC liquids and aerosols.6,7 These metals can cause
oxidative stress leading to various pulmonary and cardiovas-
cular diseases.8−10

The metallic species in EC aerosols may have resulted from
their working mechanism, which uses excessively heated metal
filaments to vaporize the EC liquid. These filaments are
generally made of kanthal or nichrome, meaning that metals
such as Ag, Al, Cr, Cu, Fe, Ni, and Zn can be expected in EC
aerosols. These metals were further observed using scanning

electron microscopy (SEM) and energy-dispersive X-ray
(EDX) characterization across the atomizers of all ECs
investigated.11 In a study, Zervas et al.12 observed that the
metals in the heated filaments were first transferred into the
EC liquid and then into the aerosols. The transfer rate depends
on the airflow, nicotine concentration, EC liquid composition,
and EC liquid temperature. Furthermore, the smooth surface
of the metal filaments showed drastic decay and fissures even
within 150 pu�s of usage,13 suggesting that the metal contents
in EC liquids can change significantly over time. Considering
that metal ions, oxides, and nanoparticles are nonvolatile, it is
possible that these species form metal−organic compounds in
the EC liquid or they are generated from the bubble
fragmentation of the EC liquid.14 If the transfer of metals
into aerosols occurs through the vaporization of the EC liquid,
then a change of the metal contents in the EC liquid would
result in the variation of the metals detected in the aerosol
samples. In an analysis of 56 used EC devices, the correlations
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of metals (Al, Cr, Fe, Mn, Ni, Pb, Sb, Sn, and Zn) between the
aerosol samples and tank samples were statistically significant
but not for Cd and Cu.15 One study pointed out that the
leaching of metals into the EC liquid may even occur before
vaping because of the acidity of some liquids.16 But the
correlation between EC liquid pH (high 6.79 and low 4.02)
and metals emitted was not observed,6 suggesting the
possibility of other metal-transfer mechanisms.
Metals may also be directly aerosolized from the surface of

the metal filaments owing to their excessive heating, which can
reach as high as 1000 °C.17,18 This finding is supported by
operating the EC without the liquid (dry pu�).19 In fact, in
gas-phase nanoparticle synthesis, researchers have been using
“glowing wire generators” to produce ultrafine metal and metal
oxide nanoparticles using a mechanism similar to that of an
EC.20−22 However, for this mechanism, the formation of metal
particles was speculated to occur only at the beginning of the
EC operation because the real-time size distribution measure-
ments of EC aerosols showed the intense formation of 20 nm
aerosols during the first second of the EC pu�.19

Given the importance of filaments in metal release, studies
have also examined the aerosol metal emissions under di�erent
heating powers of ECs. The concentrations of metals (such as
Cr, Cu, Ni, and Zn) increased by 7−631 times when the power
of the filament was increased from 20 to 40 W.23 The influence
of heating power on the EC aerosol properties was also
reflected in the aerosol size distributions, where a higher
heating power led to larger particles generated for all tested
filaments.24 However, there is still no consensus on how the
metal is released into the gas phase, partly because of the
limited number of studies examining the mechanism of particle
formation in EC operation. Moreover, aerosol sampling
techniques also influence the determination of the metal
content. Technically, sampling aerosols with filters would
guarantee a high collection e�ciency across a wide range of
aerosol sizes,25,26 one of the optimal methods for trapping
particles. But many of the previous studies use the “bubble-
through” method and direct collection approaches, including a
novel trap method,27−31 which involved passing aerosols
through an acidic solution; this may be unreliable for inorganic
trace analytes in aerosols.
To understand the mechanisms of metal emission and

potentially optimize EC designs that minimize such emissions,
we conducted a systematic study examining metal release
under a wide range of EC configurations. These configurations
include power setting, pu� duration, EC liquid flavoring and
nicotine content, and device aging. If the metals are
predominantly released from the EC liquid, the liquid’s
thermal properties (or compositions) and the device aging
(building up of the metal residual) would play a significant role
in determining the metal contents. In addition, the metal
content would also positively correlate with pu� duration,
considering that metal release from the EC liquid is a
continuous process. However, if metals were directly released
from the surface of the heating filament, the metal contents
would be dominated by those released at the beginning of the
pu�, and thus, the metal contents would not depend on pu�
duration. To estimate the potential environmental impact of
metal release from EC usage, we also quantified the metal
contents in secondhand EC aerosols using the simulated
respiratory system recently developed by our research group
and compared those to the primary EC aerosols. The results of
this study provide a better understanding of metal emission

mechanisms, quantification, and potential toxicological e�ects
of the usage of EC.

2. MATERIALS AND METHODS

2.1. EC Aerosol Sampling and Characterization. The EC
aerosols examined in this study included primary aerosols directly
generated from EC devices and secondhand aerosols generated from a
simulated respiratory system. The primary aerosols were collected
using a 37 mm Teflon filter with a 0.3 μm pore size (SKC Ltd., Eighty
Four, PA) housed in a filter cassette (Zefon International Ocala, FL)
by pulling the airflow through the EC devices. Before the experiments,
Teflon filters were soaked overnight in 67−70% nitric acid (Sigma-
Aldrich Inc., St. Louis, MO) to remove the pre-existing metal
contents. With this pre-treatment method, the metal content in the
Teflon filters was below the method limit of detection (MLD).
During EC aerosol sampling, the airflow through the Teflon filter was
controlled by a mass flow controller (Pneucleus Technologies LLC,
Hollis, NH) programmed in LabVIEW to withdraw flow according to
the pu� profile elaborated in Section 2.3. The secondhand EC
aerosols were generated by installing a simulated respiratory system,
which mimics the hygroscopic growth and deposition of particles in
human lungs,32 between the EC devices and the Teflon filter. The
simulated respiratory system is composed of an array of filter media
that yields similar particle deposition e�ciencies in the human
extrathoracic, tracheobronchial, and alveolar regions under an RH of
90%.32 The Teflon filters collected the aerosols generated by the
simulated respiratory system with a pu� profile similar to that of
primary EC aerosols.

Thirty pu�s of aerosols were collected from both the primary and
secondhand EC aerosols. We note that membrane filters may exhibit a
flow resistance during aerosol sampling, which may a�ect the aerosol
flow rate. However, according to the reading from the mass flow
controllers used in this study, there was no significant flow rate
variation. The flow resistance through the filter was below 6 kPa
throughout the sample collection of 30 pu�s (Figure S1). This is
potentially because we used a strong vacuum source and a low
targeted flow rate.
2.2. Metal Content Characterization Using ICP-MS. Metals

collected on the Teflon filter were digested in 70% nitric acid (Sigma-
Aldrich Inc., St. Louis, MO) following the digestion procedure
outlined in the Environmental Protection Agency protocol 3050 B.33

After sample collection, the metal concentrations were quantified
using ICP-MS (NexION 350 ICP-MS, PerkinElmer, Waltham, MA).
First, we fully optimized the instrument’s torch position and ion
lenses. Then, a short-term stability test was performed in a standard
mode using a 1 μg/L tuning solution to maximize the ion signal and
stability. The optimization parameters for the ICP-MS are presented
in Table S1.

A certified trace metal quality control standard (QCI-034-1, NSI
Lab Solutions, Raleigh, NC) was used as a control for all cation
analyses performed in this study. We determined the linearity of the
calibration curve by analyzing the standards with six di�erent
concentrations (0.1, 0.5, 1, 5, 10, 100, 250 μg/L) five times. The
coe�cient of determination was 0.996 or higher, and the recovery of
each standard level of all analytes ranged from 97.8 to 107.8%. We
calculated the method limit of detection (LOD) and defined the limit
of quantitation (LOQ) using eqs 1 and 2, respectively.34,35

LOD 3.3 SDs= × (1)

LOQ 3 LOD= × (2)

where SD is the standard deviation of 10 replicates of blank samples.
The blank samples were prepared by digesting unexposed filters as
stated in Section 2.1 for actual samples. LOD and LOQ values for
metals are expressed in ng per 10 pu�s. To ensure the elimination of
the high background signal for Zn, we washed the sampler and
skimmer cones after a couple of runs, changed the peristaltic pump
and autosample tubes, and left the ICP-MS under high-pressure
vacuum overnight. All ICP-MS method parameters are tabulated in
the Supporting Information (Table S2).

Chemical Research in Toxicology pubs.acs.org/crt Article

https://doi.org/10.1021/acs.chemrestox.1c00411
Chem. Res. Toxicol. 2022, 35, 954−962

955

https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.1c00411/suppl_file/tx1c00411_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.1c00411/suppl_file/tx1c00411_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.1c00411/suppl_file/tx1c00411_si_001.pdf
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.1c00411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.3. Experimental Plan. Three available EC brands, JUUL
(JUUL pods, JUUL Labs), Vapor4Life (XL pen EC, AUTO VAPOR
ZEUS KIT, Vapor4Life, Inc.), and VOOPOO (Drag X, Shenzhen
Woody Vapes Technology Co., China), were purchased in 2019 and
used in this study. The JUUL and Vapor4Life ECs are pod (closed)
systems, and VOOPOO EC belongs to the mod (open) system. No
specific criteria were employed to choose the brands, although it is
worth mentioning that these devices are the most popular among
young adolescents, according to a local vape shop. The JUUL (battery
and prefilled pod) EC was a rechargeable system that uses a
disposable pod that contained 0.7 mL of the EC liquid. The pod could
be easily switched, and the device was pu�-actuated. Three flavorings
of pods, menthol (MT), classic tobacco (CT), and Virginia tobacco
(VT), were used for the JUUL EC. The automated Vapor4Life EC
comprises a battery (5-V, 900 mAh) and a smileomizer. VOOPOO
EC could deliver power between 5 and 60 W and possessed an EC
liquid capacity of 4.5 mL. Finally, for comparison with the EC
aerosols, the Kentucky 1R6F reference cigarette (Tobacco Research
Institute, University of Kentucky, Lexington, KY) was used as a
representative of conventional TC.

Thirty pu�s of aerosols were collected from EC devices. Several
pu� profiles for generating the EC aerosols have been reported in the
literature. To mention a few, a more recent standard ISO
20768(2018) has been established to define the specific requirement
for laboratory smoking machines for aerosol sampling. The main
parameters include the pressure drop through the device not
exceeding 1000 Pa, for a 3 s pu� every 30 s, with a flow rate of
1.09 liter per minute (lpm), all for a pu� volume of 55 mL. The
standard pu� profile for TC aerosol measurements (ISO 3308:2000)
uses a pu� duration of 2 s, pu� volume of 35 mL, and 60 s pu�
interval.36 In this study, we used the TC pu� flow rate for the EC
aerosol sampling. The square-wave pu� profile, 2 s pu� duration, and
35 mL pu� volume can be translated to a pu� flow rate of 1.05 lpm. A
square-wave pu� profile was used because of its ease of control, and
the reading of the mass flow controller confirmed that the flow profile
is close to a square wave. By integrating the flow reading (Figure S1a),
we calculated that the volumes withdrawn from the mass flow
controller are 34.2 and 32.4 mL for the 1st and 30th pu�s, which have
a 2.4 and 7.5% deviation from the targeted pu� volume (35 mL). The
more significant deviation from the targeted pu� volume is due to the
increased flow resistance (Figure S1b). Since the pu� volume
gradually changed from 34.2 to 32.4 mL, we expect that this would
result in a 5.0% lower mass of particle collection on the filter over the
sampling of 30 pu�s. A recent study showed that although the square-
wave pu� profile may give slightly higher measured aerosol yields, the
di�erence from a bell-shaped pu� profile is statistically insignificant.37

During the measurement of 30 pu�s, the pressure drop across the EC
devices never exceeded 20 Pa.

Pu� topography studies showed that the mean pu� durations of EC
users range from 1.8 ± 0.9 to 4.16 ± 1.06 s.38,39 To examine the e�ect

of metal contents on pu� duration, we maintained the pu� flow rate
while keeping the pu� duration at 2, 4, and 6 s. To study the e�ect of
aging on metal contents, we used the VOOPOO EC, which contains a
digital counter, to record the number of pu�s generated by the device
since its purchase. EC aerosols generated between the cumulative pu�
count (number of pu�s generated since the first use) 0 and 400, 400
and 800, and 800 and 1200 pu�s were collected and analyzed. Table 1
summarizes the experimental plan of this study, which focuses on
examining the e�ects of EC devices, flavorings, nicotine content,
power, pu� duration, and aging on the metal contents in EC aerosols.
Using the simulated respiratory system, we also studied the metal
content of the secondhand EC aerosols. Each test was repeated at
least four times. The following metals were measured: As, Sn, Fe, Ba,
Na, Mg, Al, K, Ca, Pb, Cr, Mn, Ni, Cu, and Zn. The concentrations of
some metals were very low (close to or below the detection limits in
most cases); therefore, for the rest of this paper, we focused on the
last five metals listed above, which were consistently higher in all
sampled EC aerosols.

When reporting the metal contents in EC aerosols, we normalized
the metal contents to the mass of metals per 10 pu�s (m10,i, where i
stands for the ith metal). To evaluate the potential health e�ects of
these metals, the standard daily inhalation mass limits established by
the National Institute for Occupational Safety and Health (NIOSH)
were converted into the mass concentration of metals per 10 pu�s
using the following equation:

m V C10
i iL, puff= (3)

where Vpuff is the inhaled volume of air per pu�, assumed here as the
tidal volume (∼450 mL), and Ci (mg/m3) is the regulated maximum
limit for the specific metal. The NIOSH established inhalation
exposure daily limits for adult workers in the Toxic Substances and
Disease Registry, and the limits for Cr and Mn are 0.0001 mg/m3 and
0.3 μg/m3, respectively.40 The NIOSH legal airborne permissible
exposure limit (PEL) is 5 mg/m3 for Zn and 1 mg/m3 for Cu over an
8 h shift. Then, m10,i and mL,i were compared to examine the potential
health e�ects of the metals. In addition, we considered the minimum
risk levels for inhalable Cr (10 ng/day) and Ni (100 ng/day),
established by the European Medicines Agency (EMA), and these
values are directly compared against m10,i. Note that our normalized
calculations of the exposure limits were based on the assumption that
an adult smoker vapes 100 pu�s per day. However, according to a
large EC usage monitoring study, an average of 163 pu�s per day with
a maximum of 235 pu�s per day has been reported.41−43 So, the
potential exposure of metal to ENDS smokers and bystanders will be
even higher.
2.4. Statistical Analysis. Box plots are used to show the metal

content distributions from the ECs. We also showed metal contents
associated with nicotine concentration in the EC liquid, flavoring,
power, aging, and so on. Statistical significance among groups was
assessed based on the Kruskal−Wallis H test followed by Dunn’s test;

Table 1. Experimental Plan of the Studya

task studied parameter EC device EC flavoring
nicotine
(mg/mL)

EC power
(W)

pu� duration
(s) aging e�ect (pu�s)

1 EC device JUUL, VOOPOO,
Vapor4Life

none 0 or default default 2 0−400

2 EC flavoring JUUL menthol 0 default 2 0−400

classic tobacco

Virginia tobacco

3 nicotine VOOPOO none 0, 3, 4.5, 6 default 2 0−400

4 EC power VOOPOO none 0 5, 25, 45 2 0−400

5 pu� duration JUUL, VOOPOO none 0 default 2, 4, 6 0−400

6 aging e�ect VOOPOO, Vapor4Life none 0 default 2 0−400, 400−800,
800−1200

7 secondhand aerosol JUUL, VOOPOO,
Vapor4Life

none 0 default 2 0−400

aThe default EC power for the VOOPOO, which is a mod system, is 25 W. The JUUL and Vapor4Life devices are pod systems designed with fixed
default power settings of over 7 and 10 W, respectively.
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in all cases, the p-value was set at 0.1. All statistical analyses were
performed using the Origin 2021b software package (OriginLab
Corporation, MA).

3. RESULTS AND DISCUSSION

3.1. Variability of Metal Contents in Aerosols
Generated from Di3erent EC Devices. The concentrations
of five metals (Cr, Mn, Cu, Ni, and Zn) were consistently
higher in all EC aerosols across all brands. The masses of
metals per 10 pu�s for all tested brands are shown in Figure 1.

The Vapor4life brand had the lowest average mass of all five
metals emitted. The significant (p < 0.05) di�erence in the
average metal masses emitted by the Vapor4life brand was
between 2 or 3 orders of magnitude compared to the JUUL
and VOOPOO brands. For instance, the average mass of Cu

and Ni per 10 pu�s was 1.3 ± 0.7 and 2.9 ± 3.2 ng for
Vapor4life compared to 22.99 ± 9.3 and 240.1 ± 234.9 ng for
VOOPOO and 454.5 ± 162.2 and 50.3 ± 24.9 ng for the
JUUL, respectively. Moreover, Mn, Ni, and Zn concentrations
were significantly higher in JUUL than in VOOPOO (p < 0.1).
In general, the mod systems were found to generate more
metals than pod systems due to the higher heating power of
the metal filaments.29 The di�erence between JUUL and
Vapor4life is likely due to the di�erence in the filament
materials. In a detailed analysis, Omaiye et al.44 analyzed the
anatomy of up to six di�erent popular ECs and revealed that
the filaments were mostly made of Elinvar (Ni, Fe, and Cr)
(36.4%), nichrome (36.4%), Fe−Cr (18.2%), and Ni (9%).
Owing to these varieties, it was not surprising to observe a vast
di�erence in metal concentrations between the pod devices.

It is noteworthy that the metal contents within the same
group (sampling conditions) of EC devices also have relatively
wide variations. This phenomenon was also observed in a few
other studies, as indicated in Table S3. This is likely due to
uncertainties in the particle sampling loss. A large fraction of
the EC aerosols remained in the liquid form (droplets),45−47

and we noticed that the EC liquid also built up in the sampling
system. Because we avoided sharp turns in the sampling tube
to avoid particle loss via impaction, droplet deposition is likely
due to gravitational settling. Given the large size of these
settled droplets, they may represent a significant fraction of the
total aerosol mass. Therefore, the metal contents reported in
this study represent the lower limits of actual metal emissions
from ECs.

Cr(VI) and Ni detected in EC aerosols appear on the FDA’s
“harmful and potentially harmful chemicals” list and belong to
Group 1 in the International Agency for Research on Cancer
(IARC), which is “carcinogenic to humans.”48 Both Cr and its
oxides have been found to damage cultured cells.49 Long-term
inhalation of NiO particles in mice has been found to cause
oxidative stress and inflammation in the human lung and
cardiac tissues.50,51 As shown in Figure 1, it is evident that the
metals contained in the EC aerosols are higher than the
regulated limits (NIOSH and EMA) for Cr across all tested
brands. It is worth mentioning that Cr(III), which is not
carcinogenic, is the likely Cr form in aerosols containing

Figure 1. Metal contents measured across di�erent brands of EC
devices operated under default conditions. Black and red dashed lines
show the normalized maximum regulated intake amount based on the
European Medicines Agency (EMA) and NIOSH standards,
respectively. Exposure limits of Cu and Zn are higher than the
upper limit of the y-axis.

Figure 2. E�ects of nicotine concentration (a) and flavorings (b) on metal emissions. Flavorings of menthol (MT), Virginia tobacco (VT), and
classic tobacco (CT) are tested.
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corroded metal particles. However, further studies regarding
the oxidation state of the metals detected in EC aerosols need
to be conducted. For Ni and Mn, only Vapor4Life EC showed
lower metal emissions than the daily regulated limit. All three
brands showed Cu and Zn emissions under daily maximum
exposure limits. Even though high concentrations of Pb and Sn
have been reported in EC liquids and aerosols,52−54 herein, we
only detected Pb and Sn in 3 out of 25 samples of VOOPOO
and 5 out of 27 samples of Vapor4Life. Pb and Sn
concentrations were below LOD for all of the JUUL samples.
Furthermore, in the samples where these metals were detected,
their contents are below 0.5 and 0.1 ng/pu� for Pb and Sn,
respectively, which is considerably lower than the other major
metal species. Due to the measurement uncertainties, we did
not report their concentrations and compared them against the
regulated limits. In summary, we observed that several metals,
namely, Cr, Ni, and Mn, are emitted in the form of aerosols at
levels likely to pose health hazards.
3.2. E3ects of Nicotine and Flavorings on Metal

Contents. The EC liquid contains many additives that intend
to enrich the vaping experience of users. Nicotine and
flavorings are the most commonly used additives in ECs.
Nicotine content varies significantly across di�erent brands;
some of which are even higher than the maximum
recommended level of 20 mg/mL in many countries.55

Appealing flavorings are always used as marketing tools to
attract more users. These components change the chemical
composition and thermal properties of the EC liquid, which in
turn may a�ect the metal emissions. Figure 2 shows the
variation of metals with respect to nicotine content and
flavoring.
Figure 2a shows selected metal emissions as a function of

nicotine concentration in the EC liquid. The general trend
indicates that the average and median mass of the emitted
metals increased significantly with nicotine concentration. A
Kruskal−Wallis H test showed that there was a statistically
significant di�erence in the mass of metals between EC liquid
with 0 and 6 mg/mL nicotine content of Cr (H = 9.00, p <
0.05), Cu (H = 8.25, p < 0.1), and Mn (H = 7.41, p < 0.1). To
illustrate, the average mass of Cr per 10 pu�s of EC is 78.15 ±
33.0, 105.53 ± 40.6, 246.71 ± 152, and 325.32 ± 294.6 ng
under nicotine concentrations of 0, 3, 4.5, and 6.0 mg/mL,

respectively. A linear correlation between nicotine content and
metal emissions, depicted in Figure S2a, illustrates a significant
influence of nicotine content. A study observed that the
aerosol’s concentration of particles was in the range of 3.26 ×
109 to 4.09 × 109 cm−3 for nicotine-free EC, while that was in
the range of 5.08 × 109 to 5.29 × 109 cm‑3 for high-nicotine
-concentration EC, nearly the double in some cases.56

Similarly, Talih et al.57 showed that nicotine concentration in
the aerosol was directly proportional to the total mass of
particulate matter. Hence, the positive correlation between the
metal and nicotine contents indicates that the metal contents
were transferred from the EC liquid, which was aerosolized at a
higher rate under higher nicotine content. Unlike nicotine, the
mass of metals emitted was not a�ected by the type of flavoring
used. The average and median mass of metals were within the
same range, as shown in Figure 2b, and not statistically
significant up to a p-value less than 0.5, illustrated by circled
data, in the correlation analysis in Figure S2b. For instance, the
mean masses (ng per 10 pu�s) of Cr were 77.24 ± 44.2, 76.36
± 47, and 107.84 ± 83.5 for MT, VT, and CT, respectively. A
similar trend was observed for the other four metals, and all
remained above the regulated limits, as shown in Figure 1.
3.3. E3ects of EC Power, Pu3 Duration, and Device

Aging on Aerosol Metal Contents. Chemical character-
ization of aerosols in terms of EC power and pu� duration was
conducted with all other parameters remaining constant
(Table 1). Figure 3 shows the e�ects of power and pu�
duration on metal emissions. In general, the metal concen-
trations tended to increase with increasing power settings
(Figure 3a). Statistical analyses showed that Cu emitted with
power settings 5, 25, and 45 W were not significantly di�erent
(H = 1.14, p < 0.1). Average masses of both Zn and Cr showed
significant increases from 5 to 25 W (H = 7.50, p < 0.05, and H
= 3.10, p < 0.1, respectively), while only a marginal increase
was observed between 25 and 45 W without notable statistical
di�erence (H = 0.13, p < 0.1, and H = 1.26, p < 0.1,
respectively). Similar observations were reported by Zhao et
al.29 for open-system devices. The increase in metal
concentration with power can be attributed to a general
increase in aerosol particle concentrations, which has also been
shown to be temperature-dependent.58,59 At higher powers,
there is a faster increase in the filament’s temperature,

Figure 3. E�ects of power setting (a) and pu� duration (b) on metal emissions.
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vaporizing a high volume of the EC liquid, thus generating a
high concentration of particulates in aerosols. However, a
marginal increase in metal emissions was observed when the
power was increased from 25 to 45 W, suggesting that most of
the power below 25 W has been used to evaporate the EC
liquid. The power above 25 W setting may have caused the
decomposition of the EC liquid solvent without necessarily
a�ecting the metal emissions.24,60 Figure 3b shows the e�ects
of pu� duration on the metals released from the EC aerosols.
Briefly, it can be seen that the metal content increases with pu�
duration. Notably, the masses of Cr (H = 4.59, p < 0.1), Zn (H
= 8.08, p < 0.1), and Mn (H = 7.35, p < 0.1) significantly
increased from 4 to 6 s pu� sample groups. The mass of Ni
only showed a significant increase (H = 3.69, p < 0.1) from 2 s
pu� to 6 s pu� groups, while there was no significant di�erence
observed for Cu.
Previous studies show that metals can be directly generated

from the surface of the filament at the beginning of the EC
operation due to the excessive heating process.19 This was
supported by the aerosol size distribution measurements when
ECs were operated under the dry pu� condition, where a high
concentration of 20 nm particles was observed during the first
second of the EC operation. However, the overall increase in
metal emissions with prolonged pu�ng indicates that metals
are predominantly generated from aerosolized EC liquids.
Otherwise, the metal contents should be independent of pu�
duration. Moreover, the fact that metal contents increase under
higher nicotine contents (Figure 2a) also suggests that metals
are mainly transferred from the liquid, as liquid properties
significantly a�ect the metal emission. During the EC
operation, we observed bubbles being generated from the
bulk of the EC liquid (Figure S3). The bursting of these
bubbles at the liquid−air interface could break the EC liquid
film and directly aerosolize the EC liquid.61,62 The direct
vaporization of the metal−organic compounds is also probable,
as these compounds generally have much higher volatility than
the metal ions or oxides. However, the determination of the
exact chemical composition of these compounds is beyond the
scope of this study.
Note that our observation cannot completely rule out the

metal generation from the surface of the heated filament. The
metal nanoparticles directly emitted from the filament’s surface
are likely too small,19 contributing less mass to the total metal
content. However, the metal particles released from this
mechanism may lead to more severe health e�ects due to their
smaller sizes,63 and the toxicological e�ects of these metal
nanoparticles need to be examined.
After repetitive and prolonged use of EC, metallic

components may degrade, mainly when acidic EC liquids are
used, leading to higher concentrations of metals released in the
aerosols. Figure 4 shows the e�ects of metal release on EC
aging (VOOPOO). The increase in mass between cycle 1 (0−
400 pu�s) and cycle 3 (800−1200 pu�s) for Cr (H = 7.60, p <
0.1), Cu (H = 9.80, p < 0.1), and Mn (H = 4.80, p < 0.1) are
worth mentioning. The average masses (ng) per 10 pu�s at,
respectively, pu� cycles 1 (0−400 pu�s), 2 (400−800 pu�s),
and 3 (800−1200 pu�s) of 134.43 ± 78.5, 142.4 ± 108.9, and
227.99 ± 82.14 for Cr; 31.97 ± 23.8, 70.5 ± 31.8, 129.76 ±
113.9 for Cu; and 9.89 ± 6.5, 26.31 ± 10.9 and 33.91 ± 17.7
for Mn were recorded. The increased metal contents with
device aging again imply that the metals are first transferred
from the filament to the EC liquid and then aerosolized from
the EC liquid. The average masses of Zn and Ni did not

increase with device aging, as their concentrations were within
the same order of magnitude. It is likely that these metals were
already aerosolized extensively during the first 400 pu�s, as a
study found a decrease of 39−43% of Ni in the nichrome wire
after only 150 heating cycles.18

3.4. Metal Contents in Secondhand EC Aerosols. As
EC users can generate secondhand aerosols through
exhalation, the environmental and health impacts need to be
evaluated. Here, we examined the metal contents in second-
hand EC aerosols generated from a simulated respiratory
system.32 Figure 5 shows the masses of metals contained in the
primary and secondary aerosols per 10 pu�s.

Results show that secondhand aerosols from EC contain
high concentrations of metals and can thus be of significant
concern to bystanders. The average masses of all tested metals
from secondhand aerosols were ∼80 to 90% of their
corresponding primary aerosol emissions, which agrees with
the respiratory deposition e�ciencies of submicron aerosols.64

Moreover, the metals contained in simulated secondhand
aerosols are higher than the maximum regulated limits for Cr
and Mn across all tested brands (although it was found to be
relatively lower in the reference 1R6F TC). The average mass
of Ni emissions is higher than the regulated limits for the
JUUL, VOOPOO, and 1R6F but lower in the Vaper4life
brand. Cu and Zn emissions were under the maximum
exposure limits for all of the tested brands based on the usage
of 10 pu�s. In short, we observed that metals contained in
secondhand EC aerosols might pose a potential threat to
indoor air quality and the health of nonsmokers. These metals,
together with nicotine, carbonyls, and other toxic spe-
cies,55,65−67 can lead to various health e�ects through
secondhand EC smoke exposure, which warrants more detailed
studies.

4. CONCLUSIONS

This study characterized the metals contained in primary and
secondary EC aerosols. EC aerosols were collected on a Teflon
filter, and the metal content was quantified using ICP-MS.
Several EC parameters were assessed, including EC brands,
nicotine content, flavorings, EC power, pu� duration, and

Figure 4. E�ect of aging on metal emissions. Pu� cycle: 1 (0−400
pu�s), 2 (400−800 pu�s), and 3 (800−1200 pu�s).
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device aging. The data indicated that metal emissions vary
tremendously across brands because of the di�erent materials
used to make the filament and the mode of operation. We
further found that metal emissions increased with nicotine
concentration, pu� duration, and device power, whereas the
flavoring type had no noticeable e�ect. In addition, a marginal
increase in two metal emissions was observed with prolonged
EC use. We speculate that the metals are predominantly
generated through the aerosolization of the EC liquid, as the
metal content positively correlates with nicotine content and
pu� duration. The contents of some metals in secondhand EC
aerosols were above the regulated limits, presenting health risks
for nonsmokers.
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