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HIGHLIGHTS

GRAPHICAL ABSTRACT

e Some urban soils contained high
levels of Pb and trace levels of Bi.

e Some urban soils contained high
levels of Pb but contained no Bi.

e These differences were linked to
different sources of lead: paint or
gasoline.

¢ Leaded paint contained trace levels of
Bi but leaded gasoline contained no
Bi.

o XRF can detect low levels of Bi to
reveal the origin of Pb in soils.
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In a broad environmental study in St. Joseph County, Indiana, elemental data from ~2000 soil samples
and ~800 paint samples were collected with X-ray Fluorescence (XRF) spectroscopy. The observed lead
concentrations were compared to other elemental concentrations in these data. A strong correlation
between lead and bismuth concentrations was observed in a subset of the soil samples and in nearly all
of the paint samples, with lead levels approximately 150 times higher than bismuth. However, some soil
samples contained lead with no bismuth present. Since most lead sources likely contain bismuth as an
impurity from refining of native lead ore, but leaded gasoline does not contain any bismuth impurities
due to the manufacturing process of tetraethyl lead, it may be possible to distinguish environmental lead
sources by XRF. To test if leaded gasoline could be the source of lead in the subset of soil samples
containing no bismuth, leaded paint samples were analyzed with Inductively Coupled Plasma — Optical
Emission Spectroscopy (ICP-OES), which confirmed the presence of bismuth in leaded paint. Aviation
gasoline, which contains tetraethyl lead, was also analyzed by ICP-OES to confirm the absence of bismuth
in leaded gasoline. This discovery suggests that XRF can be used to rapidly distinguish different legacy
lead contamination sources from one another. For low lead concentrations, elemental measurements of
bismuth by ICP-OES can be used in environmental forensics to distinguish leaded gasoline contamination
from other sources of lead.

© 2019 Elsevier Ltd. All rights reserved.

* Corresponding author.

E-mail address: mtighe@nd.edu (M. Tighe).

https://doi.org/10.1016/j.chemosphere.2019.06.077
0045-6535/@ 2019 Elsevier Ltd. All rights reserved.



298 M. Tighe et al. / Chemosphere 234 (2019) 297301

1. Introduction

Lingering environmental lead contamination from the use of
leaded paint and leaded gasoline plagues urban areas across the
United States. Lead's adverse health effects are well known (Agency
For Toxic Substances And Disease Registry (ATSDR), 2017; Binns
et al., 2007; Dietrich et al., 2001; Lidsky and Schneider, 2003;
Needleman et al., 2002; Wright et al., 2008) and it has recently
come to light that South Bend, St. Joseph County, IN has extremely
high rates of child lead poisoning (Pell and Schneyer, 2016). While
the use of leaded paint and leaded gasoline was banned decades
ago, legacy lead contamination remains a widespread issue in many
urban environments across the country (Mielke et al., 2011; Mielke
et al., 2001; Mielke, 1993; Mielke et al., 1985). Soil can become
contaminated with leaded paint dust and paint chips from activ-
ities such as renovation, repainting, or demolition of homes and
other painted structures, or from the historical combustion of lea-
ded gasoline (Mielke, 1993). Contaminated soil is one of the main
contributors to elevated blood lead levels in children. Strong sea-
sonal variations were observed in children's blood lead levels (BLLs)
in Indianapolis (Laidlaw et al., 2005). BLLs were higher in the
summer, when children are more likely to be outdoors and exposed
to contaminated soils, while BLLs were lower in the winter, when
children are more likely to be indoors.

Since soil contamination can contribute to environmental lead
poisoning, being able to readily identify the sources of the lead
contamination could help residents reduce their lead exposure.
Current methods for determining the sources of lead contamina-
tion in soil typically involve observing the particle morphology and
chemical composition (Gulson et al., 2016; Harrison et al., 1981;
Linton et al., 1980; Lobinski, 1995), or characterizing the isotopic
composition of the lead (Cheng and Hu, 2010), though this method
is primarily used for identifying the original location where the lead
was mined, rather than directly identifying the source of the
contamination as paint or gasoline. A common feature of these
existing methods for identifying the origin of lead contamination in
soils is that they require relatively time-consuming and technically
challenging laboratory analysis techniques.

Because both bismuth and lead are co-produced radiogenically
in the earth’s crust from uranium and thorium natural decay series,
bismuth is often a byproduct of lead mining (Jasinski, 1995). The
chemical similarities of these two elements means that they are
costly to separate, so most industrial uses of lead minerals involve
trace levels of bismuth as well. However, one of the largest sources
of environmental lead was the widespread use of tetraethyl lead in
automotive gasoline between 1920 and 1980. An unusual feature of
tetraethyl lead is that it was commercially manufactured by
reacting chloroethane with a sodium—lead alloy, followed by
distillation of tetraethyl lead (Seyferth, 2003):

4 NaPb + 4 CH5CH,Cl— (CH5CH,),Pb + 4 NaCl + 3 Pb

Thus the industrial manufacturing process effectively removes
any trace bismuth from the lead (Frey and Cook, 1960). Compared to
any other sources of environmental lead, leaded gasoline should
contain the lowest levels of bismuth impurities.

X-ray fluorescence (XRF) spectrometric analysis of 2018 soil
samples and 820 paint samples have been used to verify a potential
method to distinguish between sources of environmental lead
contamination. By measuring trace levels of bismuth in the lead
samples, it is possible to distinguish legacy sources of lead con-
taminants with instrumentation that could be used in the field, or
with more sophisticated instrumental analysis performed on soil
samples sent to a lab. This novel method for distinguishing be-
tween lead contamination sources could shed light on whether

legacy paint or gasoline contributes more to elevated BLLs today,
several decades after both have been discontinued, as well as
enabling more efficient remediation strategies; if the source of
contamination is identifiable it can be removed and halt the addi-
tion of more lead contamination to the soil.

2. Materials and methods
2.1. Ethical approvals

Institutional Review Board approval for the sample collections
described in this work were obtained through the University of
Notre Dame (IRB # 17-01-3522 08 June 2017—14 March 2018, IRB
#18-03-4538 15 March 2018—14 March 2019).

2.2. Sample collection

During 2017, 2018, 2018 soil samples and 820 paint samples
were collected throughout St. Joseph County, IN, by students at
John Adams High School, community health workers at the Near
Northwest Neighborhood Center, and Notre Dame faculty, grad-
uate, and undergraduate students. All participants received a
training session on how to collect the samples, record the locations
of the samples, and a kit of pre-labeled bags. Soil samples were
collected with small plastic spoons into 0.002-inch thick resealable
low-density polyethylene bags (Uline S-1291). Paint chips were
collected with double sided tape and placed into the same type of
resealable bags.

2.3. XRF analysis

The samples were analyzed with a handheld SciAps X-100 XRF
Spectrometer which was calibrated each day with an alloy cap and
regularly checked against a NIST leaded soil standard (NIST SRM
2586). The spectrometer was set upright on a benchtop and each
sample was placed on top of the device; all samples remained in-
side the thin-walled resealable bags during analysis. The limit of
detection for lead was typically about 12 ppm and the limit of
detection for bismuth was about 2 ppm. Replicate measurements of
the NIST standard showed that accurate soil lead results were ob-
tained through the thickness of the plastic sample bag. For this
study, the XRF was configured to measure 19 elements simulta-
neously. The elements measured and their relative limits of
detection (in ppm) are listed together with the operating parame-
ters in the Supporting Information (Table 51).

2.4. Preparation of gasoline for ICP-OES

Leaded aviation gasoline, Avgas 100 Low-Lead (blue), was ob-
tained from the Indiana Flight Center in Elkhart, IN. Following the
method detailed by Mansell and Hiller (1973), 5 mL of Avgas and
5 mL of concentrated hydrochloric acid were combined in a Teflon
cup, placed in a hydrothermal reactor, and put in the oven for 3 h at
115 °C. After 3 h, the hydrothermal reactor was removed from the
oven and allowed to cool for several hours. After cooling, the con-
tents within were washed into a beaker and placed on a heating
plate at about 50 °C until the solution had evaporated. The resulting
residue was then dissolved in 1 mL of concentrated nitric acid and
again allowed to evaporate. The final residue was then dissolved in
5% nitric acid and this solution was used for analysis with Induc-
tively Coupled Plasma — Optical Emission Spectroscopy (ICP-OES).
This procedure was repeated after spiking 5 mL of the leaded gas-
oline with 100 pL of 1000 ppm bismuth (theoretical concentration
20 ppm Bi), to determine the percent recovery of bismuth in a
leaded gasoline solution.
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2.5. Preparation of paint chips for ICP-OES

A leaded paint chip that had been collected from a residence in
South Bend, IN was weighed and placed in a 50 mL conical tube.
50 mL of 5% nitric acid was added to the tube and the solution was
then placed on a KJ-201 BD Orbital Shaker for 2 h. This solution was
then filtered through 90 mm 1 Whatman filter paper then analyzed
with ICP-OES.

2.6. ICP-OES analysis

ICP-OES analysis was performed on a PerkinElmer Optima 8000
instrument. Measurements were taken with both axial and radial
viewing optics with 2 replicate measurements, with yttrium as the
instrument's internal standard. Standards were prepared for both
lead and bismuth in 5% nitric acid to match the matrix of the
samples. The LOQ for lead was 0.023 ppb and the LOQ for bismuth
was 0.071 ppb using the 220.35 nm wavelength for lead and the
223.06 nm wavelength for bismuth. Operating parameters for these
analyses are listed in the Supporting Information.

3. Results and discussion

The measured lead concentrations were plotted against all other
measured elemental concentrations. An initial scatter plot of the
observed lead and bismuth concentrations of 2018 soil samples
(Fig. 1) showed 3 distinct categories of samples: lead accompanied
by a correlated bismuth concentration, lead concentrations with no
measurable bismuth, and bismuth with no (or low) lead concen-
trations. Of the 2018 samples, one soil sample was omitted because
it contained nearly 7% lead. This sample also contained measurable
Bi, with 0.035% Bi. The soil samples were mostly homogeneous, and
this excluded sample may have contained a solid piece of lead or
highly leaded paint chips in it.

To help explain the relationship between lead and bismuth in
the soil samples, a scatter plot of the lead and bismuth concen-
trations found in 818 paint samples is shown in Fig. 2. The lead and
bismuth concentrations are strongly correlated, with an R? of 0.945
from a simple linear fit through the origin. The slope of the corre-
lation (149 + 104) is similar to the slope of the correlation found in
the soils. Two paint samples were omitted from this plot, each of
which contained high bismuth levels with no lead. Upon further
investigation, it was found that these two paint chips came from
the same home (and the same location in the home) and was
determined to be the pigment bismuth vanadate (BiVO4), as it was
bright yellow and XRF analysis showed both bismuth and
vanadium.

y = 169.9x
12 R2=0.6450

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
BISMUTH (%)

Fig. 1. Scatter plot of bismuth and lead concentrations (w/w %) in soil.

y = 149x
R2=0.9449 ¢

0 0.05 0.1 0.15 0.2
BISMUTH (%)

Fig. 2. Scatter plot of bismuth and lead concentrations (w/w %) in paint.

Because the average bismuth concentration for this set of
samples is a very small fraction of the lead concentration (~150
times lower or approximately 0.67% of the lead concentration on
average) and because the bismuth and lead L, X-ray energy lines
are close to each other, at 10.55keV and 10.84 keV, it may be
possible for the commercial peak-fitting software in the XRF to
mistakenly assign a small value for a Bi reading, if the Pb peak is
very large. To ensure that was not the case, the raw spectrum of a
typical leaded paint chip is shown in Fig. 3. There is clear peak
separation between the L, peak of lead (10.55 keV) and the L, peak
of bismuth (10.84 keV), that the commercial software provided by
SciAps can readily distinguish. This same paint chip was dissolved
and analyzed with ICP-OES. ICP-OES results returned 353 ppm Bi in
the paint sample with a lead concentration of 130,200 ppm (13% by
weight) which can be seen in Table 1.

Bismuth is a common impurity in lead ores that is difficult to
remove during smelting and refining because it is less reactive to
oxidation than lead. Traces of bismuth should therefore be present
in all lead objects and lead compounds, such as the lead carbonates,
oxides, and hydroxides that were commonly used as paint pig-
ments or drying agents in varnish. However, it is unlikely that
bismuth would be a contaminant in tetraethyl lead, the anti-
knocking agent in leaded gasoline, because the industrial process
of making tetraethyl lead involves distilling the volatile tetraethyl
lead (Frey and Cook, 1960), which effectively separates the lead
from any bismuth impurity. Thus, the subset of soil samples in Fig. 1
that showed significant levels of lead with no bismuth could be
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Fig. 3. Raw XRF spectrum of a leaded paint sample showing 13.8% Pb by weight and
932 ppm Bi.
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Table 1
ICP-0ES results from a leaded paint sample, an aviation gasoline sample, and avia-
tion gasoline spiked with bismuth.

Sample Pb ppm Bi ppm
Paint Chip 130,200 + 800 353+101
Avgas 734+ 10 0
Avgas-Bi Spiked 761+19 19.2+04

explained by contamination of soils from leaded gasoline.

Upon investigation for a common method for analyzing leaded
gasoline, it was discovered that ASTM method D 5059-98, a stan-
dard test to analyze lead in gasoline with X-ray spectroscopy uti-
lizes bismuth as the internal standard, further solidifying the
hypothesis that bismuth would not be an impurity in leaded gas-
oline. To test this hypothesis, 100LL (blue) aviation gasoline (also
known as avgas) was prepared and analyzed with ICP-OES. ICP-OES
results (Table 1) showed that the 100LL aviation gasoline contained
734 ppm lead, and no bismuth. The gasoline sample was then
spiked with 100 pL of 1000 ppm Bi to ensure the ICP digestion
method used could recover it. The spiked aviation gasoline sample
returned a result of 761 ppmPb and gave a 96% recovery for the
spiked bismuth, confirming the hypothesis that leaded gasoline
does not contain trace amounts of bismuth.

It is acknowledged that lead was used industrially for many
applications and can be contributed to the environment from more
sources than simply paint and gasoline. It is suspected that lead
from other sources besides gasoline (i.e. fishing sinkers, bullets,
pipes, etc ...) will contain trace levels of Bi since lead metal usually
contains traces of bismuth. However, legacy paint and gasoline are
two of the largest contributors to environmental lead contamina-
tion especially in cities. Environmental lead contamination will no
doubt be high in mining locations or near smelters — where this Pb
and Bi correlation is less likely to be helpful as there will probably
be Bi impurities from other lead sources — but in cities that do not
have industrial lead contamination, leaded and paint and leaded
gasoline are the main contributors. What is interesting about this
study is that with a hand-held XRF, we are able to distinguish po-
tential sources of lead in typical soils that are elevated to around the
current EPA action limit on leaded soils (400 ppm). There are many
contaminated sites where the inclusion of Bi as an analyte could be
readily used to distinguish legacy lead sources with XRF
technology.

4. Conclusions

These findings suggest that X-ray spectroscopy techniques
capable of measuring both lead and bismuth at low concentrations
can distinguish between leaded paint and leaded gasoline as
sources of lead contamination in soils. This was confirmed in South
Bend, IN, in soils that were elevated in lead. For soils with con-
centrations of lead below 400 ppm, or in a full environmental
forensic analysis, I[CP-OES methods could be used to identify the
provenance of the legacy lead by including bismuth as a concurrent
element to be analyzed. As local health departments use XRF to
perform lead hazard assessments for families with lead-poisoned
children, this technique could help offer remediation assistance
more effectively. Knowing where the source of lead contamination
in soil originates may allow for the source to be removed or at least
the best mitigation technique to be used, ultimately helping to
decrease lead exposure in urban environments. Additionally, this
information could be used to understand whether legacy lead from
paint or gasoline has a larger impact on BLLs today.
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