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Figure 11: Individual components of the Blu device (top right) manually deconstructed to 

determine the source of toxic heavy metals in ENDS. Photo Credits: Ashleigh Coggins-Block.  
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Table 4: Summary of parts obtained from the deconstructed Blu device. 

16 Total Parts 

Metal 
5 parts 

D1-3, 5; F5 

Rubber  

(or 

similar 

material) 

5 parts 

A3, B5, C1, E5, F6 

Plastic 
2 parts 

A1, 5 

Cotton-

like 

fabric 

2 parts 

B1, 3 

Vinyl-

like 

stickers 

2 parts 

S1-2 
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A blank e-liquid solution was made by mixing 475 mL of 99% extra pure propylene 

glycol (PG), 475 mL of 99+% vegetable glycerin (VG), and 50 mL of Mili-Q water. The water 

was added to aid in the mixing of the PG and VG. This PG/VG mixture was used as blank e-

liquid and stored in a Nalgene bottle at room temperature. Each part of the deconstructed Blu 

device was transferred to a 15 mL plastic centrifuge tube using tweezers. Each tube was then 

filled with 10 mL of the blank e-liquid solution. Samples were kept on a test tube rack in the 

refrigerator.  

The following was done at time 0, 2 weeks, 1 month, 3 months, 6 months, 1 year (12 

months), and 2 years (24 months) from the preparation of the deconstructed Blu device parts. For 

the purpose of this experiment, 1 month was said to equal 4 weeks. Each 15 mL centrifuge tube 

with a device part in it was mixed via inversion for 15 minutes to ensure any metals present were 

evenly distributed. 1 mL (1000 µL) of e-liquid was reverse-pipetted out of each tube and placed 

in separate 2 mL Eppendorf tubes. These samples were stored in the refrigerator until ready for 

analysis via ETAAS. An aliquot of blank e-liquid solution was also used as a reference. This 

blank e-liquid sample was 1 mL of the 50/50 (v/v) PG/VG in 5% water mixture that had not 

touched any of the parts taken from the device. 

If quantifiable metals were found during ETAAS analysis, the cumulative amount of 

metal in ppb leached into 10 mL of blank e-liquid was calculated using Eq. 9, where TSV was 

equal to the total sample volume in mL at the time the aliquot was taken.  

 

(concentration in ppb)× TSV

(1000 mL)
         (Eq. 9) 
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Chapter III. Results and Discussion  

3.1 Testing the Method for Electrothermal Atomic Absorption Spectroscopy (ETAAS) 

Table 5 gives a summary of the results from the method test trials that analyzed three 

open-system and three closed-system e-liquids, along with a tap water control sample. No metal 

was found in quantifiable levels in any of the open-system samples or in the tap water control. 

Lead and cadmium were not seen in any of the three closed-system samples, but nickel and 

chromium were seen in varying levels in all of them. Standard deviations for the levels of nickel 

and chromium quantified were generally low, with relative standard deviations (RSD) for four of 

the six quantifiable metal levels being less than or equal to 11.1%. Two samples gave higher 

RSD values for chromium, being 31.1% for Tobacco and 46.1% for Menthol 1. These high RSD 

values could have been due to improper mixing of the sample prior to testing.  

The difference in nickel and chromium concentrations seen between samples shows that 

there is a great inconsistency between products. This can originate from many places, including 

lack of regulation in manufacturing and the time a product has sat on the shelf. Due to the 

disparity between these samples, a much larger sample set needs to be tested to fully support the 

difference in metal concentrations between open-system and closed-system samples.  

Validating the developed method supports previous research [22, 24-26] that only closed-

system, not open-system, e-liquids show quantifiable levels of heavy metals, specifically nickel 

and chromium that were seen in our test samples. This prominence of nickel and chromium 

shows how direct contact of the ENDS heating coils with e-liquid can increase both their 

concentration and frequency of quantitation in samples. These results also support claims that the 

source of metals is the ENDS device itself [24-26] and not the cultivated tobacco plant that the 

nicotine is sourced from.   
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Table 5: Summary of results for data collected from method development test samples. <LOQ means the sample signal was below the 

limit of quantitation for the element being analyzed. Variance represents standard deviation for n = 3. 

  
Brand; Flavor Pb (ppb) Ni (ppb) Cr (ppb) Cd (ppb) 

Open-System 

Liquid Nicotine Wholesaler;  

Red Tobacco 
<LOQ <LOQ <LOQ <LOQ 

The Vaper's Knoll;  

Watermelon 
<LOQ <LOQ <LOQ <LOQ 

Crafter Simple; Watermelon <LOQ <LOQ <LOQ <LOQ 

Closed-System 

Blu Disposable; Tobacco <LOQ 
5129.9 

+/- 25.8 

3191.4 

+/- 992.1 
<LOQ 

Blu Disposable; Menthol 1 <LOQ 
72.7 

+/- 8.0 

42.9 

+/- 19.8 
<LOQ 

Blu Disposable; Menthol 2 <LOQ 
10617.1 

+/- 811.9 

4347.4 

+/- 394.0 
<LOQ 

Control Tap Water <LOQ <LOQ <LOQ <LOQ 
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3.2 Samples Tested for the ITC 

Often, when there are health risks associated with pollutants, the United States 

Environmental Protection Agency (EPA) publishes maximum contaminant levels (MCLs) for 

drinking water. These MCL values are also known as action levels and dictate when various 

entities, such as governments or manufacturers, need to resolve a contamination problem. 

Presently, MCLs for lead, chromium, and cadmium are 15, 100, and 5 ppb, respectively [54]. An 

MCL for nickel is not currently published [54]. These MCL values, although published for 

drinking water, were used as a general, relatable toxicity level for the four metals of interest that 

could be compared to the data collected from e-liquid samples. These drinking water standards 

were chosen because there is currently no similar value published specifically for inhalation or 

ENDS. 

No open-system samples from any country showed quantifiable levels of any metal of 

interest. This lack of quantifiable data in the open-system samples supports previous findings 

[22, 24-26] that the source of heavy metals in ENDS is the device itself as it leaches metals into 

closed-system e-liquids. However, quantifiable levels of metals were seen in the closed-system 

samples from the United States and England.  

Figure 12 is a summary of the data obtained from all closed-system samples tested that 

were purchased in the United States and England in 2017. Data collected below the limit of 

quantitation (LOQ) was represented in data analysis as the LOQ divided by the square root of 

two. In Figure 12, the x-axis represents each country tested along with the drinking water MCL 

values for each metal, while the y-axis shows average metal concentration in ppb up to 700 ppb. 

Figure 12 shows higher average levels of nickel and chromium in the United States samples, 

while lead was higher on average in England. Cadmium was only quantified in the United States.  
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Figure 12: Summary of data collected for all closed-system samples purchased in the United States and England in 2017. Error bars 

indicate standard deviation between all products tested within the country for that metal. Y-axis limit = 700 ppb. EPA MCL = 

maximum contaminant level for drinking water.
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When comparing all the data to the EPA MCL values it can immediately be seen just how 

high the levels of these metals were in some of the samples. Average lead levels from both the 

United States and England were well above their respective EPA MCL values, and chromium 

was above its respective limit in the United States. While an MCL value is not published for 

nickel [54], the levels seen in the United States and England are still above the limits of the other 

three published values. When the samples that were below the LOQ are factored into the average 

value for cadmium, its level of 1.5 ppb is significantly lower than its respective MCL value of 5 

ppb.  

Figure 13 again shows a summary of the closed-system data from the United States and 

England, however this time it only shows the positive samples and the y-axis reaches 2000 ppb. 

A positive sample was defined as a sample containing at least one quantifiable metal of interest. 

100% of the United States samples were positive, while only 60% of the England samples were. 

While the United States and England were fairly similar in their average quantifiable amounts of 

nickel and chromium, England showed much higher average lead. This may be related to 

England’s government taking a more relaxed approach to ENDS regulations. Cadmium again 

was only quantified in one United States sample. 

One important takeaway from the data presented in Figures 12 and 13 is the 

acknowledgement of the large standard deviations. This highlights the inconsistency and 

unpredictability of metal levels in closed-system samples, which may be related to a lack of 

manufacturing regulations for these products. The average concentrations of the metals, aside 

from cadmium, were also all near or well above the EPA MCL value for drinking water. While 

the toxic effects of heavy metals could possibly differ between oral ingestion and inhalation, 

these levels are still concerning.   
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Figure 13: Summary of quantifiable data collected for positive closed-system samples purchased in the United States and England in 

2017. Error bars indicate standard deviation between samples positive for each respective metal. Y-axis limit = 2000 ppb. EPA MCL 

= maximum contaminant level for drinking water. 
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Figure 14 breaks down the positive United States data into individual closed-system 

samples. The x-axis represents each individual closed-system sample, grouped based on product 

brand, along with the EPA MCL values for drinking water. The y-axis represents metal 

concentration in ppb and goes to 800 ppb. Lead is represented in yellow, nickel in blue, 

chromium in red, and cadmium in orange.  

Some samples in Figure 14 were consumed before analysis could be performed on all 

four metals of interest. These are marked with a carrot below the sample data. Data bars for 

metals not tested were simply omitted from the figure. Lead and cadmium were not analyzed for 

the indicated Vuse sample. The first and third marked Mark Ten XL samples were not tested for 

lead, chromium, or cadmium. The second (middle) marked Mark Ten XL sample was not tested 

for chromium.  

Some values within Figure 14, and subsequently in Figures 15-18, each marked with a 

tilde, are only estimated or contain an estimated value within the average as the sample was 

consumed before an accuarate value within the linear calibration curve could be collected. 

Samples were often consumed quickly because closed-system samples do not provide large e-

liquid sample volumes to work with, and these samples were also being tested for many other 

factors other than their heavy metal presence.  

 Figure 14 shows the prominence of nickel in the United States closed-system samples, 

being quantified in 100% of the positive samples and seen in elevated levels in Blu and Ten 

Motives brand products. Chromium was in second place being quantified in 50% of the samples. 

Only three samples showed quantifiable lead, two of which were the Blu brand. The Blu brand 

was also the only brand to show quantifiable cadmium.  
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Figure 14: Individual closed-system sample data from positive ENDS purchased in the United States in 2017. Error bars indicate 

standard deviation for n = 3. Y-axis limit = 800 ppb. EPA MCL = maximum contaminent level for drinking water.
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Only 60% of the closed-system samples tested that were purchased in England showed 

quantifiable levels of one metal or more. Figures 15 and 16 show the individual England closed-

system samples echoing many of the trends of those from the United States. In both Figures 15 

and 16, the x-axis again represents each individual closed-system sample, grouped based on 

product brand, along with the EPA MCL values for drinking water. The y-axis represents metal 

concentration in ppb and goes to 500 ppb for Figure 15 and to 2200 ppb for Figure 16.  

Cadmium was not quantified in any of the closed-system England samples. Nickel was 

the most prominent metal being quantified in 97% of the positive samples, seen in the highest 

levels in the Ten Motives brand. Chromium was in second place being quantified in 59% of the 

positive samples. Lead was seen at the same rate in England as it was in the United States, being 

quantified in 21% of the samples.  

All six of the samples containing quantifiable lead were Blu brand, with four of these 

samples being cut off by the 500 ppb limit of the y-axis on Figure 15. This is consistent with Blu 

brand products showing elevated levels of lead in the United States samples. Along with the four 

elevated lead levels, three samples containing quantifiable nickel were also cut short by the y-

axis in Figure 15. These three samples were also all the same brand, which was Ten Motives. 

These high concentration samples are marked on Figure 15 with an asterisk above their data bar.  

The expansion of the y-axis in Figure 16 to 2200 ppb emphasizes the high concentrations 

in the four lead and three nickel samples cut off by the scale in Figure 15. The highest nickel 

concentration reached almost 1200 ppb, while the highest lead concentration went almost double 

that to about 2200 ppb. For reference, 2200 ppb lead is close to 150 times the EPA MCL level of 

15 ppb. 
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Figure 15: Individual closed-system sample data from positive ENDS purchased in England in 2017. Error bars indicate standard 

deviation for n = 3. Y-axis limit = 500 ppb. EPA MCL = maximum contaminent level for drinking water.
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Figure 16: Individual closed-system sample data from positive ENDS purchased in England in 2017. Error bars indicate standard 

deviation for n = 3. Y-axis limit = 2200 ppb. EPA MCL = maximum contaminent level for drinking water.
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Examination of the closed-system results from the United States and England appeared to 

show that the Blu brand typically had the most quantifiable levels of lead. This holds true when 

the results of all the closed-system samples from the United States and England are arranged 

based on their brand, as seen in Figure 17.  

In this figure, the x-axis represents each closed-system brand tested, separated based on 

country of origin, along with the EPA MCL values for drinking water. The y-axis represents 

metal concentration in ppb and goes to 2000 ppb. The n values below each brand name represent 

the number of that brand tested for lead, nickel, chromium, and cadmium. The n values above 

each metal data bar represent the number of samples of that brand to show quantifiable levels of 

each respective metal of interest.  

 Staying consistent from the data seen in Figures 14-16, the Blu brand showed the highest 

average levels of lead in both the United States and England. Lead was also seen most often in 

Blu brand samples. Of nine total samples showing quantifiable lead, eight of them were Blu. The 

Blu brand also had the highest number of samples show quantifiable nickel and chromium and 

was the only brand to show quantifiable cadmium.  

Blu products purchased in the United States had the highest average concentration of 

nickel, while both Mark Ten (United States) and Ten Motives (England) brand products had 

higher average concentrations of nickel than Blu products purchased in England. Nicolites had 

the highest concentration of chromium between all the brands. An important note about 

chromium in Nicolites is that n =1, while n = 4 for Blu from the United States and n = 11 for Blu 

from England.  
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Figure 17: Average concentrations of metals (ppb) in positive closed-system samples organized based on manufacturer purchased in 

the United States (left) and England (right). Error bars indicate standard deviation between samples positive for each respective metal. 

Y-axis limit = 2000 ppb. EPA MCL = maximum contaminant level for drinking water.
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The combination of data seen in Figures 14-17 also highlights the inconsistency between 

brands. This again can be related to a lack of regulation as all manufacturers are not necessarily 

held to the same standards as each other between countries. This has led to staggering amounts 

of heavy metals, mainly nickel and lead, to be found in certain closed-system e-liquids. This also 

may be why some brands, such as Blu, Mark Ten/Ten Motives, and Nicolites, showed higher 

levels of lead, nickel, and chromium, respectively, than the other brands in the sample pool. 

In an interest to examine potential trends between e-liquid flavors, all the data for the 

positive closed-system samples from the United States and England was organized based on 

three main flavor categories, which can be seen on the x-axis in Figure 18. The three main e-

liquid flavor groups were tobacco, mint, and cherry. In this figure, the y-axis axis represents 

metal concentration in ppb and goes to 2500 ppb. The n values below each flavor represent the 

number of that flavor tested for lead, nickel, chromium, and cadmium. The n values above each 

metal data bar represent the number of samples of that flavor to show quantifiable levels of each 

respective metal of interest.  

The single sample to show quantifiable cadmium was tobacoo flavored. While cherry had 

the least number of samples of the three main categories, it still provided substantial quantifiable 

data. It presents the highest average concentration of lead, including the two England samples 

that reached almost 2200 ppb. Mint had the highest average levels for nickel, and tobacco had 

the highest for chromium. However, cherry had similar concentrations for both, trailing by only 

about 25 ppb for nickel and by less than 1 ppb for chromium.  

The trend seen in flavor analysis also raises the question of how the chemical components 

of an e-liquid’s flavor affect the leaching of metals from ENDS. Evidence of this is supported by 

cherry flavored e-liquids leaching much higher amounts of lead into e-liquid than tobacco or 
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A Kruskal-Wallis non-parametric test, or a one-way ANOVA test, was performed on the 

data collected for lead in part D5 using the program GraphPad Prism. This test was chosen as it 

does not assume the data set has a normal Gaussian distribution and uses the median, rather than 

the mean, in its statistical analysis. In this test, the null hypothesis says that the population 

medians are equal, while the alternative hypothesis states that they are not equal [58]. It is also 

well suited for small data sets such as the data collected for part D5. The test was done twice, 

once to compare the latter four time points to time 0, and once to compare the latter four time 

points to each other, excluding time 0, in a multiple comparisons test.  

For both tests the difference between time point values was determined to be statistically 

significant if the p value was below 0.05. When a p value is statistically significant, it supports 

that the null hypothesis is incorrect and that any differences between data points are not due to 

chance [59]. An overall p value can show that a data set has statistically significant data 

somewhere within the set, but it does not tell exactly where. Adjusted p values, or p values for 

each individual comparison done in the test, show exactly where that significance is.  

For the first test, where the results can be seen in Table 6, a significant difference was 

found at the 1 month and 3 months-time points when compared to time 0. The adjusted p value 

for the comparison of time 0 to 6 months however was very close to the significance threshold. 

This comparison was not determined to be significant most likely due to a lack of replicates. The 

fact that time 0 versus 2 weeks lacks significance may also be due to the lack of replicates.  

In the second multiple comparisons test, where the results can be seen in Table 7, the 

only individual comparison to be found statistically significant was the difference between the 

values of 2 weeks and 1 month. The slight decrease seen between 1 month and 6 months was not 

statistically significant. 
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Table 6: Summary of p values collected from a Kruskal-Wallis Non-Parametric test done on the 

data collected from lead leaching from part D5. The latter four time points are being compared to 

Time 0. Significance threshold was p < 0.05. 

Kruskal-Wallis  

Non-Parametric 

Test 

 Adjusted 

 p Value 

Time 0 vs 2 Weeks 0.9329 

Time 0 vs 1 Month 0.0031 

Time 0 vs 3 

Months 

0.0465 

Time 0 vs 6 

Months 

0.0710 

Overall p = 0.0040 
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Table 7: Summary of p values collected from a Kruskal-Wallis Non-Parametric test done on the 

data collected from lead leaching from part D5. This is a multiple comparisons test for the latter 

four time points, excluding Time 0. Significance threshold was p < 0.05. 

Kruskal-Wallis Non-

Parametric  

Multiple Comparisons 

Test 

 Adjusted  

p Value 

2 Weeks vs 1 Month 0.0078 

2 Weeks vs 3 Months 0.2390 

2 Weeks vs 6 Months 0.3905 

1 Month vs 3 Months > 0.9999 

1 Month vs 6 Months > 0.9999 

3 Months vs 6 Months > 0.9999 

Overall p = 0.0001 
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Chapter IV. Conclusions and Future Directions 

4.1 The Method for Electrothermal Atomic Absorption Spectroscopy (ETAAS) 

ETAAS was overall a simple method that allowed the visualization of metal 

concentrations between open-system and closed-system e-liquid samples. The test samples for 

the method were able to provide supporting evidence for previous research [22, 24-26] that 

closed-system, rather than open-system, e-liquids are the only samples to show quantifiable 

levels of heavy metals. This shows that the general source is not cultivated tobacco, as 

previously believed, but is instead the result of an interaction between e-liquids and the parts of 

the ENDS devices they are stored in.  

Sample preparation was not highly involved and programming in Syngistix for AA was 

not time consuming. Compared to other methods, such as analysis via inductively coupled 

plasma mass spectrometry (ICP-MS), ETAAS is a much more cost effective method, requiring 

lower grade reagents and consuming less argon gas during analysis [60]. While ETAAS is an 

easy technique to use, it also had some disadvantages. With the inconsistency seen between 

samples and products, finding the correct dilution sometimes took more tries than expected. This 

caused samples that already had low volumes available to get consumed quickly, and in some 

cases resulted in only estimated values for their metal concentrations.  

Another disadvantage is the time that it took to run the samples. Each sample could only 

be tested for one element at a time. This, coupled with the length of each triplicate run, hindered 

running all samples for all elements at one time as evaporation and analyte settling could have 

become a problem. This is where a technique such as ICP-MS would have been more useful, as 

it is capable of analyzing multiple elements at the same [60]. This would have allowed more 

samples to be run at once and decreased analysis time up to four-fold.  
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A major limitation to the method developed for e-liquid analysis via ETAAS was that the 

calibration curve and quality control standards were made in an aqueous matrix. This decision 

hinders the observance of matrix interference coming from the propylene glycol and vegetable 

glycerin used in the base of e-liquids. Because of this, some samples that would have had 

quantifiable levels of metals in an aqueous matrix may have appeared to be below the limit of 

quantitation due to the matrix interference reducing the atomic absorption signal collected. In the 

future, calibration curves and quality control standards should be made using the same matrix as 

e-liquids, or, at the very least, control samples of a spiked PG/VG mixture should be used to 

calculate the impact of matrix interference. The possible matrix interference caused by other 

compounds added to e-liquids, such as flavorings and nicotine, should also be explored.  
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4.2 Samples Tested for the ITC 

The data collected in the ITC study to date gives rise to a couple of main conclusions. 

The first is that no open-system samples have shown any quantifiable data, which again supports 

previous research [22, 24-26] that the source of metals in ENDS is the metal parts of the device 

themselves. The second is that of the closed-system samples tested, the United States had higher, 

average levels of nickel and chromium, but England had higher average levels of lead, 

highlighting discrepancies between countries of origin that may be related to differences in 

regulations.  

The third is that Blu brand products commonly showed higher levels of lead and also 

higher numbers of positive samples in general, showing how the discrepancy of metal 

concentrations is not only between countries of origin, but also between ENDS manufacturers. 

The fourth, and final conclusion from the ITC samples is that cherry flavored e-liquids showed 

elevated levels of metals of all flavor categories tested, thus suggesting a possible interaction 

between the heavy metals and flavoring components, possibly based on the effect pH may have 

on the solubility of metal ions [56-57].  

Moving forward with the ITC project will allow for a comparison of data between years 

of purchase as products purchased in 2018 are tested. This data may provide some insight on if 

changing regulations in the four countries of interest, especially the United States and England 

based on their closed-system samples, have any effect on the heavy metal concentrations 

detected in their e-liquids. It is also important to further investigate the effect of flavoring 

components on metal concentration and introduce more products with batteries into the sample 

pool to see if it increases the presence of cadmium in e-liquids.  
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While these metals are present in e-liquids that are extracted right from ENDS devices, 

this data still does not show if they transfer into the aerosolized version of these liquids that is 

inhaled by consumers, so an investigation into that would also be of great importance. It is also 

hopeful that all the data collected in this study, and in future studies, will help law makers 

advocate for stricter regulations of the ENDS industry to protect consumers from potential 

serious harm via heavy metal exposure.  
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4.3 The Source of Metals in ENDS 

Unfortunately, this pilot study was not able to find sources for nickel, chromium, and 

cadmium in the ENDS device deconstructed. This is possibly due to samples being too dilute or 

the lack of a battery present in the sample. However, based on the preliminary data collected 

from battery connector part D5, it is now known for sure that leaching metals is an issue in 

ENDS, but more data needs to be collected to further determine the significance of the difference 

between time points.  

Based on the Kruskal-Wallis non-parametric data collected, the slight decrease seen from 

1 month to 6 months is not significant, implying that there may be contamination in the samples 

at various sampling times. Contamination of the experiment setup may also be what caused the 

difference between time 0 and 2 weeks to not be significant, indicating that consumers who 

purchase a product within two weeks of the device being filled may be at less risk of heavy metal 

exposure. While the difference between time 0 and 6 months was shown to not be statistically 

significant with an adjusted p value of 0.0710, the addition of more replicates and trials for this 

experiment would likely cause this value to decrease. Optimistically, this value would go below 

the 0.05 threshold, making it statistically significant.  

With ENDS devices being so unregulated, the data collected from the Blu PLUS+ 

Tanks™  gives a very limited view of the products currently on the market. To better determine 

all possible sources of lead, nickel, chromium, and cadmium in ENDS, a wider range of ENDS 

types and brands should be tested, along with more replicates and trials for each type and brand. 

Further testing should also seek to overcome samples that are too dilute and introduce both heat 

and a battery to the sample set. More data regarding manufacture dates should also be recorded 



68 

 

in the future as length of device contact with e-liquid has a clear effect on the concentrations of 

the metals of interest that are leached.  

Another possibility that should be investigated on why metals may be leaching from the 

device is an oxidation-reduction (redox) reaction may be occurring within the device due to a 

small current still flowing from the battery even when the device is not in use. Using open-

system e-liquids previously confirmed to not show quantifiable levels of the metals of interest as 

the solution each part is submerged in may also show how leaching is affected by other 

components of e-liquids, such as flavorings and nicotine. 

Moving forward, this experiment will be performed more than once with more than one 

device to strengthen the data set and provide more reliable statistical analysis. A more thorough 

cleaning procedure may also be considered to help eliminate more contaminants prior to 

analysis. The types of metals used to construct these devices should be more thoroughly 

investigated as this may provide some insight as to why some metal parts leached into the e-

liquid and others did not. Finally, the leachability of metals from these parts into the 

environment, such as into soil samples, is an important factor to investigate as improper disposal 

of these devices may have a negative environmental impact.  
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4.4 Project as a Whole 

Developing a method to quickly analyze heavy metals, such as lead, nickel, chromium, 

and cadmium, via electrothermal atomic absorption spectroscopy (ETAAS) in electronic nicotine 

delivery system (ENDS) e-liquids was crucial to being able to examine a multitude of samples 

and provide answers to questions that have not been researched extensively. The importance of 

determining the source of these metals in ENDS e-liquids is high as it is vital to providing 

manufacturers, and the public, with information that is related to the health and safety of ENDS 

consumers. Pinpointing the origin of these metals and showing that they come from the parts of 

ENDS devices can help manufacturers improve their products and help prevent serious health 

consequences for their clientele. 

In summary, the data collected in this thesis project supports previous research [22, 24-

26] indicating that heavy metals, including lead, nickel, chromium, and cadmium, are only 

present in closed-system (prefilled) ENDS e-liquids and not in open-system refill solutions. This 

indicates that they do not come from the cultivated tobacco used to derive nicotine for addition 

into e-liquids. The Blu PLUS+ Tanks™ product deconstructed and analyzed in this project 

supports that it is the metal parts of the device that are leaching metals into the e-liquid. 

Important data trends also emerged that show how metal concentrations depend on the ENDS 

country of origin, its manufacturer brand, its e-liquid flavor, and the length of time metal parts 

have been in contact with e-liquid. Moving forward it is hopeful that the publication of these 

results helps legislation to improve the laws and regulations that affect the ENDS industry to 

protect consumers. 
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Appendix  

List of Abbreviations 

AA  Atomic Absorption  

AAS  Atomic Absorption Spectroscopy 

AU  Australia 

CA  Canada 

CDC  The Centers for Disease Control and Prevention 

EDL  Electrodeless Discharge Lamp 

ENDS  Electronic Nicotine Delivery System 

EN  England 

ETAAS  Electrothermal Atomic Absorption Spectroscopy  

EU  European Union 

FDA  Food and Drug Administration 

HCL  Hollow Cathode Lamp 

ICP  Inductively Coupled Plasma 

ITC  The International Tobacco Control Policy Evaluation Project  

PG  Propylene Glycol 

PPE  Personal Protective Equipment 

RSD Relative Standard Deviation 

TSV  Total Sample Volume  

TVPA  Tobacco and Vaping Products Act 

US  United States 

VG  Vegetable Glycerin   
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Table A1: Representative atomic absorption signal data from a lead calibration curve. 

Time (s) Calib Std 1-AA Calib Std 2-AA Calib Std 3-AA 

0 0.00002 -0.0004 0.00001 

0.03 -0.00003 0.00018 0.00026 

0.05 -0.00028 0.00019 0.0002 

0.08 -0.00026 -0.00002 0.00004 

0.1 -0.00009 -0.00019 0 

0.13 -0.00022 -0.00004 0.00013 

0.15 -0.00029 0.00019 -0.00004 

0.18 0.00009 0.00005 -0.00007 

0.2 0.0005 0.0002 -0.00006 

0.23 0.00013 0.00012 0.00009 

0.25 -0.00001 0.00001 -0.00016 

0.28 0.00041 0.00001 0.00006 

0.3 -0.00004 0.00049 0.00045 

0.33 0.00025 0.00051 0.00041 

0.35 0.00056 0.00064 0.00116 

0.38 0.00108 0.00146 0.00124 

0.4 0.00196 0.00199 0.00265 

0.43 0.003 0.00381 0.0044 

0.45 0.00458 0.00545 0.00642 

0.48 0.00685 0.00812 0.00954 

0.5 0.01005 0.01097 0.01358 

0.53 0.01413 0.01482 0.01862 

0.55 0.0186 0.02032 0.02581 

0.58 0.02571 0.02804 0.03451 

0.6 0.0353 0.03896 0.04585 

0.63 0.0475 0.0523 0.06114 

0.65 0.06365 0.07023 0.08171 

0.68 0.08546 0.09512 0.11047 

0.7 0.11395 0.12811 0.14778 

0.73 0.15116 0.16833 0.19136 

0.75 0.19273 0.20953 0.23883 

0.78 0.22881 0.24227 0.27885 

0.8 0.2485 0.25832 0.29849 

0.83 0.24732 0.25437 0.29674 

0.85 0.23293 0.2375 0.27976 

0.88 0.21272 0.21686 0.2556 

0.9 0.19249 0.19555 0.23078 

0.93 0.1739 0.17587 0.20676 

0.95 0.15469 0.15486 0.18166 

0.98 0.13459 0.13341 0.15647 

1 0.11422 0.11264 0.13065 
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Table A1 (Cont.): Representative atomic absorption signal data from a lead calibration curve. 

Time (s) Calib Std 1-AA Calib Std 2-AA Calib Std 3-AA 

1.03 0.09491 0.09372 0.10799 

1.05 0.07737 0.0756 0.08769 

1.08 0.06309 0.06211 0.07081 

1.1 0.05071 0.05 0.05741 

1.13 0.04115 0.04115 0.04614 

1.15 0.03374 0.03426 0.03757 

1.18 0.02815 0.02857 0.03091 

1.2 0.02368 0.02382 0.02611 

1.23 0.01976 0.02061 0.02186 

1.25 0.0171 0.01806 0.0188 

1.28 0.01526 0.01576 0.01622 

1.3 0.01401 0.0141 0.01482 

1.33 0.01249 0.01308 0.01344 

1.35 0.01189 0.01162 0.01181 

1.38 0.01076 0.01134 0.01111 

1.4 0.01014 0.01038 0.01002 

1.43 0.0091 0.00941 0.00884 

1.45 0.00872 0.00887 0.00813 

1.48 0.00816 0.00859 0.00765 

1.5 0.00746 0.00798 0.00716 

1.53 0.00699 0.00702 0.0063 

1.55 0.00641 0.00659 0.00592 

1.58 0.00607 0.00633 0.00538 

1.6 0.0051 0.0056 0.00502 

1.63 0.00503 0.00465 0.00486 

1.65 0.00438 0.00492 0.00423 

1.68 0.00421 0.00448 0.00436 

1.7 0.00369 0.00447 0.00363 

1.73 0.00358 0.00414 0.0034 

1.75 0.0034 0.0035 0.00316 

1.78 0.00335 0.00308 0.00288 

1.8 0.00303 0.00313 0.00275 

1.83 0.00331 0.00294 0.00241 

1.85 0.00265 0.00248 0.00239 

1.88 0.00243 0.00242 0.00211 

1.9 0.00239 0.0021 0.00217 

1.93 0.00193 0.0021 0.00211 

1.95 0.00199 0.0021 0.00135 

1.98 0.00172 0.00125 0.00144 

2 0.00155 0.00165 0.00151 
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Table A1 (Cont.): Representative atomic absorption signal data from a lead calibration curve. 

Time (s) Calib Std 1-AA Calib Std 2-AA Calib Std 3-AA 

2.03 0.00193 0.00174 0.00146 

2.05 0.00124 0.00192 0.00154 

2.08 0.00082 0.00187 0.00168 

2.1 0.00078 0.00193 0.00137 

2.13 0.001 0.00121 0.00156 

2.15 0.00115 0.0014 0.00121 

2.18 0.00128 0.00151 0.00088 

2.2 0.00079 0.00105 0.00093 

2.23 0.00094 0.00096 0.00133 

2.25 0.00078 0.00108 0.00129 

2.28 0.00084 0.00095 0.00112 

2.3 0.00072 0.00072 0.00075 

2.33 0.00076 0.0014 0.00038 

2.35 0.00046 0.00089 0.00084 

2.38 0.00095 0.001 0.00039 

2.4 0.0008 0.00057 0.00075 

2.43 0.00063 0.0009 0.00074 

2.45 0.00008 0.00061 0.00079 

2.48 0.00054 0.00101 0.00104 

2.5 0.00058 0.00077 0.00143 

2.53 0.00039 0.00081 0.00034 

2.55 0.00034 0.00071 0.00061 

2.58 0.00076 0.00081 0.00031 

2.6 0.00084 0.00037 0.00035 

2.63 0.00064 0.00043 0.00051 

2.65 0.00025 0.00011 0.00074 

2.68 0.00067 0.00052 0.00079 

2.7 0.00011 0.00032 0.00033 

2.73 0.00042 0.00041 0.00071 

2.75 0.00018 0.00018 -0.00007 

2.78 0.00026 0.0004 0.00007 

2.8 0.00042 0.0005 0.00058 

2.83 0.00017 0.00073 0.00025 

2.85 0.00009 0.00068 0.00051 

2.88 0.0002 0.00023 0.00059 

2.9 0.00058 0.00037 0.00006 

2.93 -0.00011 0.00063 0.00081 

2.95 0.00033 0.00097 0.00039 

2.98 0.00027 0.00007 0.00028 

3 0.00037 0.00039 0.00039 
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Table A1 (Cont.): Representative atomic absorption signal data from a lead calibration curve. 

Time (s) Calib Std 1-AA Calib Std 2-AA Calib Std 3-AA 

3.03 0.00036 -0.00003 0.0003 

3.05 0.00019 0.0003 0.0004 

3.08 0.00047 -0.00008 0.00003 

3.1 0.00001 0.00022 -0.00006 

3.13 0.00018 0.00065 0.00026 

3.15 0.00031 0.00073 0.00039 

3.18 0.00019 0.00003 0.00029 

3.2 0.00066 0.00086 0.00073 

3.23 0.00029 0.00043 0.00023 

3.25 -0.00015 0.00027 0.00049 

3.28 -0.00005 0.00037 0.00077 

3.3 0.00028 0.00039 0.00016 

3.33 0.00016 0.00076 -0.00002 

3.35 0.00009 0.00019 0.00007 

3.38 0.0008 0.00039 0.00035 

3.4 0.0004 0.00023 0.00046 

3.43 -0.00017 0.00017 0.0002 

3.45 0.00042 0.00009 -0.00006 

3.48 0.00052 -0.00008 -0.00025 

3.5 0.00006 -0.00028 0.0005 

3.53 0.00028 0.00017 0.00028 

3.55 0.0004 0.00047 0.00003 

3.58 -0.00008 0.0002 0.00018 

3.6 0.00034 0.00013 -0.00018 

3.63 0.00021 -0.00024 0.00033 

3.65 0.00028 0.00037 0.00038 

3.68 0.00067 0.00036 0.00014 

3.7 0.00034 -0.00011 0.00036 

3.73 0.00012 0.00061 -0.00028 

3.75 -0.00003 0.00012 -0.00006 

3.78 0.00023 0.00019 0.00027 

3.8 0.00015 0.00008 0.00038 

3.83 0 0.00058 0.00003 

3.85 0.0002 0.00007 -0.00002 

3.88 -0.00014 -0.00013 -0.00032 

3.9 0.00055 0.00008 0.00013 

3.93 0.00018 0.00006 0.00009 

3.95 0.00015 0.00036 0.00023 

3.98 -0.00012 -0.00031 0.00043 

4 -0.00025 -0.00028 0.00007 
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Table A1 (Cont.): Representative atomic absorption signal data from a lead calibration curve. 

Time (s) Calib Std 1-AA Calib Std 2-AA Calib Std 3-AA 

4.03 0.00055 0.00019 0.00003 

4.05 0.00047 0.00022 0.0005 

4.08 0.00017 0.00074 -0.00013 

4.1 0.00041 -0.00012 0.00021 

4.13 0.00009 0.00006 0.00023 

4.15 0.00007 0.00052 0.00042 

4.18 -0.00018 0.0002 0.00006 

4.2 0.00022 0.00014 0 

4.23 0.00021 0.00056 0.00047 

4.25 0.00071 0.00002 0.00045 

4.28 0.00042 0.00018 0.00018 

4.3 -0.0002 0.00013 0.0001 

4.33 0.00013 0.00011 0.00011 

4.35 -0.00016 -0.0002 0.00025 

4.38 -0.00066 0.00012 0.00008 

4.4 0.00003 -0.00004 0.00062 

4.43 -0.00017 0.00052 0.00025 

4.45 -0.00024 0.00029 -0.00038 

4.48 0.00016 0.00041 0.00019 

4.5 0.00023 0.00043 -0.00017 

4.53 -0.00003 0.00024 -0.00011 

4.55 0.00016 -0.00003 -0.00001 

4.58 0.00001 -0.0002 -0.00012 

4.6 0.00039 0.00017 0.00014 

4.63 0.0002 0.00046 0.00008 

4.65 -0.0002 0.00011 0.00031 

4.68 -0.00024 -0.00031 -0.00006 

4.7 -0.00022 -0.00002 -0.00009 

4.73 -0.00046 0.00032 0.00019 

4.75 -0.00026 0.00008 0.00006 

4.78 -0.0002 0.00053 -0.00043 

4.8 0.00009 0.00028 0.0001 

4.83 -0.00005 -0.0001 -0.00002 

4.85 0.00028 0.00023 -0.00047 

4.88 -0.0001 -0.00001 0.00023 

4.9 -0.00004 0.00007 -0.00022 

4.93 -0.00015 0.00009 -0.00034 

4.95 0.00029 0.00061 0.0001 

4.98 0.00064 -0.0001 0.00012 
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Table A2: Cumulative metals leached from each part, metal and non-metal, of the closed-system 

device sample at each sampling time in ppb in 10 mL of e-liquid. <LOQ = absorbance signal was 

below the limit of quantitation. 

 

Material Part Metal Time 0 2 Weeks 1 Month 3 Months 6 Months 

Metal Device 

Casing (D1) 

Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

E-Liquid 

Reservoir 

(D2) 

Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Coil                   

(D3) 

Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Battery 

Connector 

(D5) 

Pb (µg) 62.2 802.3 1444.8 1414.2 1394.5 

Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Unknown           

(F5) 

Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Rubber Gasket              

(A3) 

Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Gasket              

(B5) 

Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Gasket               

(C1) 

Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Gasket                   

(E5) 

Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 
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Table A2 (Cont.): Cumulative metals leached from each part, metal and non-metal, of the 

closed-system device sample at each sampling time in ppb in 10 mL of e-liquid. <LOQ = 

absorbance signal was below the limit of quantitation. 

 

Material Part Metal Time 0 2 Weeks 1 Month 3 Months 6 Months 

Rubber Mouthpiece 

Cap (F6) 

Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Plastic Mouthpiece            

(A1) 

Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Coil Holder              

(A5) 

Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Fabric Circular 

Wick          

(B1) 

Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Wick                   

(B3) 

Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Sticker Sticker               

(S1) 

Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Sticker                

(S2) 

Pb (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Ni (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cr (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

Cd (µg) <LOQ <LOQ <LOQ <LOQ <LOQ 

 

 


