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ABSTRACT: Electronic cigarettes (ECs) emit many toxic substances, including metals,
that can pose a threat to users and the environment. The toxicity of the emitted metals
depends on their oxidation states. Hence, this study examines the oxidation states of
metals observed in EC aerosols. X-ray photoelectron spectroscopy analysis of the filters
that collected EC aerosols identified the oxidation states of five primary metals (based on
surface sample analysis), including chromium(III) (close to 100%) under low power
setting while a noticeable amount of chromium(VI) (15%) at higher power settings of the
EC, and copper(II) (100%), zinc(II) (100%), nickel(II) (100%), lead(1I) (65%), and
lead(IV) (35%) regardless of power settings. This observation indicates that the increased
temperature due to higher power settings could alter the oxidation states of certain metals.
We noted that many metals were in their lesser toxic states; however, inhaling these metals
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may still pose health risks.

1. INTRODUCTION

Since their invention in the early 2000s, electronic cigarettes
(ECs) have been promoted as an alternative means of quitting
smoking and avoiding inhaling toxic substances."”” However,
studies on EC smoke have confirmed the presence and, in
some instances, high levels of similar toxic substances found in
tobacco cigarette smoke.” ® The toxic levels of aldehydes,
including diacetyl, acetoin, acetaldehyde, and formaldehyde, in
several brands of ECs have been reported.”® These carbonyls
are generated by the thermal and catalytic degradation of
propylene glycol (PG) and, to some extent, vegetable glycerin
(VG), the main components in the e-liquid. Metals have also
been detected in EC aerosols. In a systematic review, Zhao et
al.” identified 24 studies on metals/metalloids in e-liquids, EC
aerosols, and human biosamples of EC users. These studies
confirmed the presence of unsafe levels of Al, As, Cd, Co, Cr,
Cu, Fe, Mn, Ni, Pb, Sb, Se, Sn, and Zn.”*"'°

The emission of metal nanoparticles from ECs is of concern
because of their potent toxicity at low concentrations, even on
the nanogram scale per puff of smoke.® Our recent analysis of
metals in EC primary and secondhand aerosols revealed
relatively higher concentrations of five metals (Cr, Cu, Mn, Nj,
and Zn), some of which exceed the safe daily limits proposed
by the National Institute for Occupational Safety & Health and
the European Medicines Agency.'"'? Toxic levels of metals
can impair normal physiological functions and lead to diseases
such as neurodegenerative disorders and cancer."” For
instance, occupational exposure to Ni by industrial workers
may induce toxicity in the respiratory tract, lungs, and immune
system.'* Exposure to Zn is prominent in galvanized sheet steel
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processing plants. Inhalation of a mixture of particles and
fumes, including ZnO, induces an increase in some airway pro-
inflammatory markers (IL-8, MMP-9, and TIMP-1)."> Copper
oxide nanoparticles have been used as antimicrobials, and
concerns have been raised regarding their toxicitz, including
their effects on the immune system and blood.'*"” Inhalation
of these nanoparticles leads to significant immune response
modulation, including lymphocyte activation and impaired
phagocytic activity of granulocytes, coupled with a reduction in
important antioxidants like reduced glutathione. Additionally,
prolonged exposure disrupts key biological processes and
pathways, such as collagen formation, immune response, and
cell cycle, and induces apoptotic processes, potentially
implicating roles in carcinogenesis.'®'® Recently, researchers
have examined EC toxicity in greater detail via in vivo and in
vitro studies."’ " In addition, the toxicity (e.g, airway
inflammation and pulmonary cell response) of metals detected
in EC aerosols, including Pb and Zn, has been reported in
several publications.'>'®*~**

The adverse effects of various metals largely depend on their
oxidation states.””*® For example, Cr (VI) is toxic and
carcinogenic at a very low dose, while Cr (III) may pose
potential risks, such as asthma, dermatitis, and rhinitis when
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Figure 1. XPS survey spectra showing chemical species observed on (a) filters exposed to EC aerosol and e-liquid, (b) filters exposed to 30 puffs of
aerosols from three different EC brands (VOOPOO operated at 30 W, JUUL and VAPORALIFE used at default settings). We observed these
metals from the ICP—MS analysis of the exposed filters that were reported in our previous study."'

inhaled.”® The solubility disparity between Cr (III) and Cr
(VI) compounds significantly influences their absorption rates.
While chromate, in the form of Cr (VI), exhibits high solubility
in the form of Cr (VI), Cr (III) oxide is less soluble and
requires gradual chelation for dissolution.”” Furthermore, in
pulmonary environments, ascorbic acid within the surfactant
fluid facilitates the rapid reduction of Cr (VI) to Cr (1II). This
reduction process contributes to the accumulation of low Cr
concentrations in the lungs, with an approximate half-life of 5
years.zs’29 A second instance is Mn, which can exist as Mn (II)
or Mn (III) oxidation states, with Mn (II) as the primary
source of cell toxicity.”® The toxicity of Mn is known to be
caused by its accumulation in the mitochondria, where
superoxide oxidizes Mn (II) to Mn (III).*" A third example
is Cu, which can exist in Cu (I), Cu (II), or even the
intermediate Cu (III), and of these states, Cu (I) is known as
the most toxic form.****

As the metals observed in EC smoke may have varying
toxicity levels depending on their oxidation states, it is
necessary to examine their oxidation states to improve our
understanding of the adverse effects associated with EC
usage.24 Herein, we examine the oxidation states of metals in
EC aerosols using X-ray spectroscopy (XPS). We further assess
the effects of brands, power settings, and nicotine concen-
tration on the oxidation states of the detected metals.

2. METHODS

We chose three popular EC brands available in the market as of 2021:
JUUL (Juul pods, Juul Laboratories, USA), Vapor4Life (XL pen e-cig,
AUTO VAPOR ZEUS KIT, Vapor4Life Inc., USA), and VOOPOO
(Drag X, Shenzhen Woody Vapes Technology Co., China). These
ECs were locally sourced for our research. JUUL and Vapor4Life
brands employ pod-type (closed) systems, while the VOOPOO brand
utilizes a mod-type system. The selection of EC brands was justified
based on the design differences and device generations, with the
VOOPOO representing the third-generation devices and the JUUL
representing the fourth-generation devices. We also assessed how
power (5, 30, and 60 W) and nicotine concentration (0 and S mg/
mL) in the VOOPOO EC influenced the oxidation states of the
emitted metals. The e-liquid used in this study contained 70% PG,
30% VG, and nicotine. Generally, nicotine salts are typically formed
using weak acids, such as benzoic acid, lactic acid, or levulinic acid,
even though the manufacturer did not disclose such information.>*
Control samples consisted of filters that were unexposed to EC
aerosols. It is worth noting that in light of considerable regulatory
measures and rising public concern regarding ECs, the FDA imposed
bans on Vapor4Life in 2021 and JUUL in 2022. Despite these bans,
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we included these brands in our research for a comparative analysis,
which could retrospectively examine the potential health impact
associated with their usage and provide a general evaluation of pod-
type systems.

Following our previously described protocol, we exposed EC
aerosols to 37 mm diameter Teflon filters (SKC Inc.).'" Briefly, a
computer-programmed flowmeter (Pneucleus Technologies LLC,
Hollis, NH) was used to generate aerosols following the ISO 20768
standard puffing protocol: 55 mL puff volume, 3 s puff duration, and
30 s puff interval. The detailed description of the puff profile meeting
ISO 20768 specifications has been included in the Supporting
Information. 30 puffs of aerosol samples were collected from each EC
configuration, and the filter was carefully removed, cut into 1 cm?, and
analyzed with the XPS. The XPS data were collected using a VG
ESCALAB 220i-XL electron spectrometer (VG Scientific Ltd., UK).
Monochromatic Al Ka X-rays (1486.7 eV) were employed. Typical
operating conditions for the X-ray source were 400 ym nominal X-ray
spot size (fwhm) operating at 15 kV, 8.9 mA, and 120 W for both
survey and high-resolution spectra. A 2 um thick aluminum window
was used to isolate the X-ray chamber from the sample analysis
chamber to prevent high-energy electrons from impinging on the
sample. Survey spectra, from O to 1200 eV binding energy, were
collected at 100 eV pass energy with an energy resolution of ~1.0 eV,
a dwell time of 100 ms, and two scans averaged. High-resolution
spectra were collected at a pass energy of 20 eV, energy resolution of
~0.1 eV, dwell time of 100 ms, and 10 scans averaged in the
respective binding energy range. Data acquisition and processing were
performed using Eclipse data system software. The operating pressure
of the spectrometer was typically 107° mbar. An electron flood gun
was used to compensate for the sample charging. The carbon 1S was
first scanned to calibrate the instrument, and at least 10 replicates
were conducted for each sample.

3. RESULTS AND DISCUSSION

3.1. Oxidation States of Metals in EC Aerosols and e-
Liquid. The XPS spectra of the elements detected on the
filters exposed to EC aerosols from the VOOPOO brand (30
W) and e-liquid are shown in Figure la. Several nonmetallic
elements, mainly Teflon filter constituents and dense ambient
elements (C, F, and O), can be observed on the filters exposed
to both EC aerosols and the e-liquid. Metals were detected on
filters exposed to EC aerosols, including Cr, Cu, Ni, Pb, and
Zn, in all the tested brands. It is worth mentioning that metals
with surface concentrations below 0.1%, such as Mn, are not
included in the discussion. Figure 1b shows the XPS survey
spectra of the elements detected on the filters that collect
aerosols generated by different brands of EC. Several trace
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Figure 2. High-resolution XPS spectra of selected metals with consistently higher concentrations on the surface of the filter exposed to EC aerosol’s
(VOOPOO, 60 W): (a) Cr2p, (b) Cu2p, (c) Ni2p, (d) Zn2p, and (e) Pb4f.

metals were exclusive to specific brands, such as Sn for
Vapor4Life, and Ni and Ba for JUUL.

Our previous study used inductively coupled plasma mass
spectrometry (ICP—MS) to observe different quantities of
metals emitted in EC aerosols."' Therefore, the current study
provides additional details by confirming their electronic states
via metals’ core electron levels, notably Cu2p, Cr2p, Pb4f,
Pb5d, and Zn2p. Most detected metals are from EC
components, hinting that these metals emanate from the
heating coil or other metal components such as the
mouthpiece and the wick.® All tested EC brands exhibited
similar metal oxidation states.

Figure 2 illustrates typical high-resolution spectra of the
detected metals, which can be used to analyze the oxidation
states of the five primary (abundant) metals emitted from EC
aerosols of VOOPOO brand: Cr (Figure 2a), Cu (Figure 2b),
Ni (Figure 2c), Zn (Figure 2d), and Pb (Figure 2e).
Particularly, the deconvoluted Cr2p;,, peak exhibited a signal
at 577 eV, indicating the presence of Cr (III) (Figure 2a).
Another peak was observed at 572.7 eV, which is somewhat
lower than what would typically be expected for either Cr (III)
or Cr (VI). This could be due to factors such as the presence
of Cr-ligand bonds.> Evidence is mounting that Cr (III) is
genotoxic,36 thus highlighting the need to monitor total Cr
levels, as reported in previous studies, including the low
Occupational Safety and Health Administration permissible
exposure limit of 0.5 mg/m’ for 8 h time-weighted
ave1‘a~ge.5’6’9’1 !

In Figure 2b, a distinct Cu species signal was detected at
932.9 eV, likely corresponding to Cu (II) given a weak satellite
peak around 943 eV. Cu (II) species have been shown to
exhibit greater DNA-binding affinity than other divalent
cations, therebz promoting DNA oxidation even at lower
concentrations.”” Elevated Cu concentrations may promote

1115

cancer development by damaging DNA with free hydroxyl
radicals. In Figure 2c, a satellite peak of the deconvoluted
Ni2p;,, was observed at 861.9 eV, indicating a complex formed
by the interaction between e-liquid’s derived ligands, likely
organic molecules derived from nitrogen-containing com-
pounds or, more importantly, as recently reported, from
certain chelating acids such as lactic acid from the nicotine
salts,>* and nickel. Another peak was observed at 854.4 eV,
suggesting Ni (II) oxide species. Ni (II) species can produce
superoxide anions from diatomic molecules and free radicals.
Superoxide anions combine with protons to dismutate
hydrogen peroxide, causing Ni-induced pathophysiological
alterations in biological systems.”**” Nichrome or stainless
steel, commonly used as EC heating coils, has been proposed
as a potential source of these metallic species, with evidence
supporting stainless steel while nichrome supposition is still
under investigation. The main Zn2p;,, was observed at 1022.3
eV (Figure 2d), corresponding to Zn (II). Exposure to Zn
oxides, with primary Zn (II) species, has been proven to
induce acute inhalation toxicity in mice and may have
detrimental implications in humans.*”*' Pb species were
detected at three binding energies. Figure 2e displays the
Pb4f,/, peak deconvoluted at 138.6 and 139.8 eV, correspond-
ing to Pb (II) and Pb (IV), respectively. The Pb4f;,,
component is also observed at approximately 143.6 eV,
suggesting Pb (II) species. Pb species are highly toxic when
inhaled and can cause harm to several body systems, such as
cognitive impairment, kidney damage, and nausea, even at low
concentrations, as the metal is more readily absorbed through
the lungs and into the bloodstream.*

Collectively, the XPS analyses of the filters exposed to EC
aerosols reveal the oxidation states of the metals emitted by EC
aerosols. Importantly, the results showed that the metal species
were generally in the less toxic oxidation states (Table 1), and
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Table 1. Summary of Distribution of the Oxidation States of
Metals Detected in EC Aerosols with the EC Cigarette
Operated at 60 W

metal species %
Cr (110 100
Cr (V) 157
Cu (D) 100
Ni (11) 100
Pb (I1) 65
Pb (IV) 35
Zn (II) 100

“Cr (VI) was only observed at 60 W.

none were pure metals. This information is essential as it
informs the existence of metal species of differential toxicity
and thus considers the metal species-specific contribution to
vaping use-associated lung injury.”~*°

3.2. Effect of Power Settings and Nicotine Concen-
tration on Oxidation States. We analyzed the XPS survey
spectrum from the filters exposed to VOOPOO EC aerosols
under the following conditions: power settings at 5, 30, and 60
W; nicotine concentrations in the e-liquid of 0 and 5 mg/mL
(nicotine strengths used as specified by the e-liquid
manufacturer). Figure 3 shows distinct peaks corresponding
to various elements (Cu, Cr, Zn, and O). The Cu2p peak
appears at approximately 932 eV, indicating the presence of
Cu. Similarly, the Zn2p peak is located around 1021 eV. The
Cr2p peak is located at approximately 574 eV, while the
Pb4f;,, is around 138 eV. Comparative analysis of the spectra
from the samples exposed to different conditions reveals
negligible trends (peak intensities were statistically analyzed
and found not to vary significantly across different testing
conditions). The intensities of the Cu2ps,, and Zn2p peaks are
observed to be similar in the spectra of samples treated with 5
or 60 W (Figure 3a) and in those exposed to 0 or S mg/mL
nicotine e-liquid (Figure 3b). In addition to the metal peaks,
the spectra exhibit several peaks corresponding to the
elemental composition of nicotine and the polytetrafluoro-
ethylene filter. These include peaks for carbon (C), nitrogen
(N), oxygen (O), and fluorine (F), reflecting the complex
chemical composition of the analyzed samples. The presence
of nicotine could alter the thermal degradation pathway of the
e-liquid, leading to changes in the metal emission profile.""
However, our results suggest no alteration of oxidation states.

Figure 4 shows the influence of different EC power settings
on the high-resolution spectra of the metals detected on the
exposed filters. A noticeable change was observed for Cr
deconvolution of the Cr peak, indicating a change in the Cr
(1) oxidation states (Figure 4a) between S and 30 W EC
power settings, likely due to ligands.34 However, under 60 W,
the Cr2p;,, core level could be deconvoluted into three peaks
at 579.4, 576.9, and 572.6 eV. The latter peak can be attributed
to the presence of different oxidation states associated with
chromium compounds or ligands, or it can be attributed to
noise caused by Zn, whereas the former peak indicates the
presence of about 15% of Cr (VI) species.”*® The power
setting of the device directly influences the temperature
reached by the heating coil.*”** At higher power settings (60
W), the presence of 15% Cr (VI) suggests that the high coil
temperature, and potentially the contribution of other ions
such as alkalj, is sufficient to trigger Cr (VI) oxide formation.*
This aligns with the temperature-dependent nature of
chromate formation.

Cu and Zn-oxidation states and species distributions show a
minimal difference at different power settings of the EC device
(Figure 4b,c, respectively). In Figure 4d, the high-resolution
spectra of Ni2p;/, reveal distinct features at different power
settings. At S W, a peak at 861.5 eV is prominent, indicating
the satellite of Ni2p,,, orbital at a higher binding energy. The
presence of this species indicates that Ni (II) is in a complex
ligand environment made of e-liquid constituents (e.g., organic
molecules derived from nitrogen-containing compounds).”’ >
This complex is likely formed due to the interaction of Ni (II)
species with the various constituents in the e-liquid, such as
PG, VG, nicotine, and flavorings. The complexation of Ni (II)
with these ligands can alter its electronic structure, leading to a
shift in the binding energy of the Ni peak from its expected
value for Ni (II) in the free state. When the EC was operated
at 30 and 60 W, the peaks at 854.4 and 853.6 eV became
evident, suggesting the impact of the resulting higher
temperatures on Ni-ligand interactions. At higher power
settings, ECs operate at increased temperatures, leading to
vaporization and potentially causing chemical transformations
of the e-liquid constituents.”** The peak’s presence at both 30
and 60 W but not at lower wattages suggests a particular range
of energy input conducive to this specific Ni-ligand interaction.
Further analysis of the e-liquid composition and its interaction
with Ni (II) under thermal conditions can provide more
insights into the nature of this complex ligand environment.
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Figure 4. High-resolution XPS spectra (with normalized intensity) of selected metals on filter surfaces exposed to aerosols: (a) Cr2p, (b) Cu2p, (c)
Zn2p, and (d) Ni2p. Three power settings (60, 30, and S W) on the VOOPOO EC brand were tested.

Overall, we hereby report a second oxidation state for
chromium [Cr (VI)] at higher power in addition to Cr (III)
observed in all other conditions. The temperature of the
heating coil is affected by the EC power settings and has been
proven to affect metal emissions.'">> For instance, when the
EC voltage was raised from 2.2 to 5.7 V, the coil temperature
rose from 106.8 to 265.8 °C.*® Thus, increasing device power
may accelerate coil breakdown and related metal emissions.
Our results also show that the oxidation states of Cu, Ni, and
Zn were not significantly affected by the nicotine concentration
and device brand. It is generally understood that the oxidation
states of metals can undergo alterations at temperatures
between 350 and 800 °C, depending on the metal.””® Given
this property, it is plausible that the temperatures achieved at
the devices” heating coils at the 60 W setting might have fallen
within this critical temperature range, influencing the observed
variety in the oxidation states of Cr.

While this study analyzed a few popular EC brands to
determine the oxidation states of metals in their emitted
aerosols, it is crucial to note that these brands cannot represent
the entire EC market’s fast-evolving landscape. Different EC
brands may utilize varying materials or employ distinct heating
mechanisms, potentially leading to diverse metal emission
profiles. Therefore, our findings should be interpreted
cautiously as they represent the analyzed brands and may
not universally apply to all ECs. In addition, the aerosol
collection methodology employed in this study involved
specific conditions and settings that may not fully replicate
real-world EC usage or smoking behaviors. Factors such as puff
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duration, volume, and frequency, which can vary significantly
among users, were standardized in our experimental setup.
Future studies could aim to replicate a more diverse array of
usage patterns to capture a broader range of emission profiles
or involve human subjects to quantify the emission and impact
of these metals from ECs. Finally, we focused on analyzing
specific metals known to be present in EC aerosols, such as Ni,
Cr, and Cu, and the selection of these metals was based on
their known health implications and their prevalence in EC
aerosols, as reported by previous studies.”>'“** It is important
to know that ECs can emit a wider range of metal species,
including those not analyzed in this study. Further research
could broaden the scope of metal analysis to include additional
elements, providing a more holistic understanding of the
potential health risks associated with EC aerosol exposure.

4. CONCLUSIONS

This study investigated the oxidation states of metals released
from ECs using the XPS analysis. Five metals (Cr, Cu, Ni, Pb,
and Zn) were detected on the filters exposed to EC aerosols,
and high-resolution spectra revealed their specific oxidation
states. We report that device brand and nicotine concentration
did not influence metals’ oxidation states. The results also
indicated that changes in power settings affected the oxidation
states of Cr in the EC aerosols. This observation suggests that
the temperatures increase due to high power settings in the
heating coil of the EC devices, favoring the emission of varying
metal oxidation states. Results further revealed that Cr exists
predominantly in the Cr (III) state (nearly 100%) at low
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power settings (S W), while a notable amount (15%) of Cr
(V1) is observed at higher power settings (60 W). Cu, Zn, and
Ni were exclusively present in the +2-oxidation state [Cu (II),
Zn (II), and Ni (II), respectively]. Although these metals are
mostly in their less toxic oxidation states, it is essential to note
that they may still pose potential risks to human health upon
inhalation in large doses, depending on the frequency of usage
for these devices. Further research is necessary to determine
the toxicity and long-term health effects of metal inhalation
from ECs.
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