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Abstract

Pollution from heavy metals in urban environments is a topic of growing concern because many 

metals, including Pb and Cr, are a human health hazard. Exposure to Pb and Cr has been linked to 

the inhibition of neurological development as well as toxic effects on many organs. Yellow traffic 

paint (YTP) is a mixture that contains organic polymers, binders, and pigments, which in some 

cases consist of crocoite (PbCrO4) that may be coated by silica. The primary aim of this study was 

to investigate the behavior of the crocoite pigment grains within YTP and their silica coatings in 

simulated environmental and human body conditions. To do this, both YTP and asphalt were 

collected in Philadelphia, PA, USA. These samples as well as a standard PbCrO4 were investigated 

with powder X-ray diffraction, X-ray fluorescence, environmental scanning electron microscopy 

(ESEM), transmission electron microscopy, and energy-dispersive X-ray spectroscopy. Using this 

multi-analytical approach, mineral phases were determined in the YTP, their shape, dimensional 

distributions, crystallinity, and chemical composition, as well as elemental distributions before and 

after experimental interactions. Three batch dissolution experiments with YTP, asphalt, and 

standard PbCrO4were performed to simulate ingestion, inhalation, and environmental interaction 

with rainwater. Elemental releases were determined with inductively coupled plasma-optical 
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emission spectrometry, and results indicated that little (ingestion) to no (environmental and 

inhalation) Pb and Cr were leached from the YTP during the three experimental procedures. This 

is likely due to the silica coating that encapsulates the crocoite particles, which persisted during all 

interactions. The ESEM results for YTP showed dimensional reductions after interactions with all 

three fluids. The silica coating must be further explored to determine how it breaks down in real 

environmental conditions.
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Keywords

Crocoite; Chemical evolution; Simulated biofluids; Yellow traffic paint; Silica coating; Electron 
microscopy

1. Introduction

Metal contamination is a significant concern in the urban environment (Romieu et al., 1994; 

Chon et al., 1995; Li et al., 2001; Charlesworth et al., 2011; Bavec et al., 2014; Padoan et al., 

2017; Dietrich et al., 2018; Gaberšek and Gosar, 2018; Dietrich et al., 2019), and the impact 

of environmental contamination is expected to increase with growing urban populations 

(United Nations, 2014). Two key metals of environmental and human health concern are Pb 

and Cr. The most common anthropogenic sources of Pb are emissions from oil, coal, and 

leaded gasoline combustion, Pb-based pesticides, waste incineration, smelters, solders, and 

paints (e.g., Agency for Toxic Substances and Disease Registry [ATSDR], 2019). Urban 

road dust and soils are commonly studied to gauge the level of Pb pollution as they act as 

both source and sink for contamination (e.g., Laidlaw and Filippelli, 2008; Duong and Lee, 

2011; Laidlaw and Taylor, 2011; LeGalley et al., 2013; Lusby et al., 2015; Padoan et al., 

2017; O’Shea et al., 2020). Exposure to Pb commonly occurs from the inhalation of dusts 

and the ingestion of contaminated soils, paint chips, and drinking water (e.g., Alatise and 
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Schrauzer, 2010; Yoshinaga et al., 2014; Bi et al., 2015; Walraven et al., 2015; Council on 

Environmental Health, 2016). Lead is acutely toxic to most human organs, has detrimental 

impacts on childrens’ cognitive development, and, along with Cr, is on the ATSDR/

Environmental Protection Agency’s (EPA) Substance Priority List (e.g., Anttila et al., 1995; 

Alatise and Schrauzer, 2010; Council on Environmental Health, 2016; ATSDR, 2017). Both 

Pb(II) and Pb(VI) may be found in the environment (e.g., Reeder and Schoonen, 2006). 

Chromium is thought to be ubiquitous in the urban environment and can be found in various 

alloys, electroplating, wood preservatives, leather tanning, anticorrosive agents, and paints. 

One common pathway for Cr exposure is through inhalation in industrial settings (Leonard 

et al., 2004). Other routes of Cr exposure include the ingestion of contaminated drinking 

water or soils (e.g., ATSDR, 2012). Chromium’s valence state in minerals varies from Cr(II) 

to Cr(VI) and, depending on the valence state, Cr can be a micronutrient (Anderson, 1998) 

or a human health hazard (e.g., Lee et al., 2018). Chromium(VI) is a carcinogen that has no 

minimum threshold to trigger a carcinogenic response (Alexeeff et al., 1989; Collins et al., 

2010; Haney et al., 2014). Over the past few decades, some countries have introduced more 

stringent regulations on the use of Pb and Cr; these regulations were informed by studies 

that have characterized the extent of Pb and Cr pollution in the environment and/or outlined 

the associated health risks (e.g., International Agency for Research on Cancer, 2006; 

Wadanambi et al., 2008; Holecy and Mousavi, 2012; Datko-Williams et al., 2014; Gottesfeld 

et al., 2014; Gottesfeld, 2015; Turner and Lewis, 2018; United Nations and World Health 

Organization, 2019).

Despite multiple studies identifying Pb-bearing paint as a source of contamination, including 

in road dusts and soils, Pb and Cr(VI) are still commonly used in yellow traffic paints (YTP) 

including in the US (e.g., Romieu et al., 1994; Lanphear et al., 1998; Adachi and Tainosho, 

2004; Murakami et al., 2007; Turner and Solman, 2016). Pigments containing crocoite 

(PbCrO4) are often used to provide a yellow color and are mixed with organic polymers and 

binders to form paint (Jeffs and Jones, 1999; Walraven et al., 2015). A number of studies 

have found that PbCrO4 may be carcinogenic, cytotoxic, and genotoxic (e.g., Sidhu et al., 

1991; Xu et al., 1992; Singh et al., 1999). However, these pigments are in many cases coated 

by silica that inhibits or delays PbCrO4 dissolution, thus lowering the bioavailability of Pb 

and Cr and reducing potential danger to human health (Pier et al., 1991). Additionally, 

PbCrO4 pigments are often coated with silica to increase their resistance to abrasion (Linton, 

1972). A recent study demonstrated, however, that the silica coating of PbCrO4 pigments 

can be degraded in environmental conditions (Lee et al., 2018). This silica coating must 

therefore be experimentally tested to establish how it may break down.

Similarly, YTP should be investigated as it likely contributes to Pb and Cr pollution (White 

et al., 2014; Lee et al., 2016; Turner et al., 2016; Turner and Solman, 2016; Meza-Figueroa 

et al., 2018). Ingestion must be considered as it is the primary pathway by which people may 

interact with YTP particles; inhalation must also be explored as PbCrO4 from YTP has been 

found in black carbon particles, which have been airborne (Lee et al., 2018). In this study, 

we aim to improve our understanding of these poorly known aspects of YTP. To achieve 

these goals, we designed experiments that simulate environmental and human body 

interactions with YTP and characterized the chemical and morphologic evolution of YTP. 

We discuss the persistence of crocoite’s silica coating and its properties at the nanoscale. 
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Our study enhances the knowledge on the behavior of YTP and on how the silica coatings of 

crocoite may inhibit its dissolution in environmental and human body interactions.

2. Methods

2.1. Sampling, sample preparation, and geographic information systems (GIS)

Three samples of YTP were collected along 41st Street at three separate points between Pine 

and Spruce streets in Philadelphia, PA using methods similar to those applied in a 

comparable study (White et al., 2014). These samples were taken from double yellow lines 

by gentle brushing and scraping, thus removing loose paint chips. The three individual 

samples were then combined into one composite sample, which was used for all 

experiments. Asphalt was sampled at the same locations to provide a control material 

representative of the road surface. All samples were immediately placed in polyethylene 

plastic bags and stored at room temperature. Synthetic lead chromate (PbCrO4), produced 

via standard chemical methods and purchased from Sigma-Aldrich (Germany), was utilized 

as a reference for the hazardous material in YTP and is referred to below as “standard 

PbCrO4”. Below, the term PbCrO4 was applied when relating to studies where the 

crystallinity of the particles was not verified, whereas the term crocoite was used for 

crystalline PbCrO4 particles in the YTP matrix only. After collection, asphalt that was 

present within the YTP samples was manually removed with tweezers. All samples were 

hand ground for 1 min utilizing an agate mortar and pestle in order to obtain a well dispersed 

powder. Dimensional distributions, determined by environmental scanning electron 

microscopy (ESEM), were similar for YTP before and after grinding as gentle force was 

applied to the paint (Fig. S.1.1).

ArcGIS (ESRI Inc., USA), a computer software used for compiling and analyzing 

geographic data, was utilized to assess the potential volume of YTP in Philadelphia. These 

calculations were conducted using publicly available data from the City of Philadelphia 

Streets Department (2015). Two-way streets, which fit the criteria for YTP to be 

administered, were identified and included in the calculation as all these streets were 

assumed to be painted. This ArcGIS assessment will provide information for future research 

and for the potential regulation of YTP.

2.2. Powder X-ray diffraction (PXRD) and X-ray fluorescence (XRF)

Subsequent to producing powders suitable for PXRD, the samples of YTP, asphalt, and 

standard PbCrO4 were transferred into 16mmdiameter holders. Samples were analyzed using 

a Panalytical X’Pert Powder X-ray Diffractometer, equipped with an X’Celerator detector 

and spinning stage, and the resulting patterns processed following the methods described in 

O’Shea et al. (2020), except that the X-ray patterns were recorded from 5°–90° 2θ and for a 

total run time of 2 h. After the dissolution experiments, none of the samples could be re-

analyzed with PXRD, because not enough material was available.

A Panalytical Epsilon-1 Benchtop XRF Spectrometer was employed on the powdered 

samples for an initial determination of their elemental composition.
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2.3. Optical microscopy

Images were taken of the YTP, asphalt, and standard PbCrO4 samples utilizing a Leica 

M165 C stereomicroscope (Leica Microsystems, Germany) with a Leica IC80 D camera 

prior to experimental sample interactions. This imaging was done to gain an initial 

understanding of the materials in terms of morphology, texture, spatial relationship and 

agglomeration status prior to laboratory handling as well as to develop our sample 

preparation approach.

2.4. Batch reactor experiments and inductively coupled plasma-optical emission 
spectrometry (ICP-OES)

To imitate environmental and human body interactions, we utilized simulated rainwater 

(ERM-CA408), simulated lung fluid (modified Gamble’s solution), and simulated gastric 

fluid (gastric phase extraction using the Solubility Bioaccessibility Research Consortium 

assay); in this paper, these fluids are referred to as rainwater, Gamble’s solution, and gastric 

fluid, respectively. The rainwater contains the following components (concentrations in 

mg·L−1): NaF, 0.411; Na2SO4, 2.045; NH4Cl, 2.568; CaN2O6·4H2O, 1.771; 

Mg(NO3)2·6H2O, 1.564; NaNO3, 0.331; K2HPO4, 0.540; and H6NO4P, 0.863. The starting 

pH of the rainwater was 6.28. The composition of Gamble’s solution was similar to that 

used by Marques et al. (2011) and identical to that used by Vigliaturo et al. (2018); the 

solution contained the following components (concentrations in g·L−1): MgCl2·6H2O, 0.203; 

NaCl, 6.019; KCl, 0.298; Na2HPO4, 0.126; Na2SO4, 0.063; CaCl2·2H2O, 0.368; 

NaC2H3O2·3H2O, 0.952; NaHCO3, 2.604; and Na3C6H5O7·2H2O, 0.097. This solution was 

utilized due to its successful application in previous studies (e.g., Marques et al., 2011; 

Pacella et al., 2014; Vigliaturo et al., 2018). The simulated gastric fluid was composed of 0.4 

M glycine (Alfa Aesar, USA) adjusted to pH 1.5 with ACS-grade HCl (Fisher Chemical, 

USA). This gastric fluid was employed due to its consistency (U.S. EPA, 2007; Deshommes 

et al., 2012; Ettler et al., 2019); this extraction simulates a fasted human and represents the 

most high-risk scenario. Interactions with gastric fluid lasted for only one hour, whereas the 

interactions with rainwater and Gamble’s solution lasted for 168 h. YTP (in triplicate), 

asphalt, and standard PbCrO4 were added to each fluid to a final concentration of 1.25 

mg·mL−1. All solutions were individually mixed using a magnetic stir bar and subsequently 

pipetted into 10 mL falcon tubes (batch reactors). Batch reactors were then incubated at 

room temperature (approximately 21 °C) to imitate environmental conditions (rainwater) or 

37 °C to simulate human body conditions (Gamble’s solution and gastric fluid). None of the 

batch experiments were exposed to sunlight – the rainwater experiment took place on a lab 

bench, whereas the Gamble’s solution and gastric fluid experiments were carried out in an 

enclosed incubator. Rainwater and Gamble’s solution batch reactors were treated as outlined 

in Vigliaturo et al. (2018). The batch reactors for rainwater and Gamble’s solution were 

sacrificed at 0, 0.5, 1, 12, 24, 48, 96, and 168 h time points. The gastric fluid batch reactors 

were sacrificed at 0, 0.5, and 1 h time points. At each time point, sacrificed batch reactors 

were centrifuged and processed as described in Vigliaturo et al. (2018).

The supernatant solutions for each experiment at every time point were analyzed by ICP-

OES (Genesis, Spectro GMBH). The cumulative error of the spectrometer is typically ±2%. 

The elemental concentrations for Na, Mg, Al, Si, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Zn, and Pb 
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were determined. Five calibration standards (40 ppm, 20 ppm, 10 ppm, 5 ppm, and 1 ppm) 

were created for each element utilizing SPEX Certiprep (USA) commercial element 

standards. All experimental results of ICP-OES analysis are provided in Table S.1.1, but 

only Pb and Cr are discussed in this manuscript. For quality assurance, the blanks of each 

fluid were measured before starting the experiments, whereby the concentrations of Pb and 

Cr were below the detection limit in all cases (<0.013 ppm Pb and <0.003 ppm Cr). All YTP 

samples were measured in triplicate, and the reported data represent the mean of these three 

analyses. When graphing the ICP-OES results, five minutes were added to each time point to 

compensate for time delays in the experimental methods. To calculate the % extracted, the 

final concentrations of Pb and Cr in solution were compared with their initial concentrations 

in the starting materials. The latter were taken from the XRF results, because we did not 

have enough starting YTP material to carry out ICP-OES. The solid residues at the final 

experimental time points (168 h [rainwater and Gamble’s solution] or 1 h [gastric fluid]) 

were subsequently air dried prior to microscopic analysis.

2.5. ESEM and energy-dispersive X-ray (EDX) spectroscopy

A FEI Quanta 600 FEG Mark II Field Emission ESEM (FEI Company, Hillsboro, OR, USA) 

was used to investigate the samples (YTP, asphalt, and standard PbCrO4) both before and 

after exposure to the fluids. We selected one of the triplicate YTP samples before interaction 

and one sample after final interaction with each fluid (rainwater, Gamble’s solution, gastric 

fluid) for ESEM analysis. We studied the morphology and calculated dimensional 

distributions for the YTP samples pre- and post-interaction for all three experiments. The 

samples were mounted on 12.7 mm aluminum stubs with conductive carbon tabs. Pictures 

were taken in secondary electron (SE) mode, at 1000× magnification with a voltage of 30 

kV, and a spot size of 3. We measured the major axis (D) and the minor axis (d) and 

recorded the morphology for each particle that was assessed. The dimensional parameters λ 

and s were then calculated, where λ = D
d  and s = D • d2 . The s parameter was used because 

it is not dependent on the 2D-projected particle shape and has identical dimensionality 

(Kouropis-Agalou et al., 2014). The ellipsoidal volume (Ve)was calculated assuming that the 

third dimension of the ellipsoid was equal to s, and is expressed by the equation 

V e = 4
3 ⋅ π ⋅ D ⋅ d ⋅ s. The equivalent-volume diameter was calculated according to: 

Dev = 6
π V e

1
3 , which is the diameter of a sphere—the same volume of the considered 

particle. Surface area (SA) of individual particles was calculated with 

SA = 4 ⋅ π (D ⋅ d)1.6 + (D ⋅ s)1.6 + (d ⋅ s)1.6
3

1
1.6

. This method was chosen because two dimensions 

(D, d) were measured on the ESEM and s was used to estimate thickness. The calculated 

descriptive statistics included the mean, standard deviation (σn-1), minimum value (min), 

and maximum value (max). All values were obtained by measuring 100 particles per sample. 

Standard deviation of the mean is simply referred to as standard deviation in this paper. A 

power law fitting of our experimental data was applied.
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ESEM-EDX chemical analysis was performed on 20 spots per sample, with the above 

conditions but with a magnification of 20,000× and a spot size of 6. We focused on regions 

with Pb and Cr signals, which indicated the presence of crocoite particles. The Pb/Cr value, 

using atomic percent (at.%), was used to track chemical modifications in the investigated 

material.

2.6. Scanning/transmission electron microscopy (S/TEM) and EDX spectroscopy

Samples of the YTP were analyzed using S/TEM both before and after exposure to the 

fluids. We selected one of the triplicate YTP samples before interaction and one sample after 

final interaction with each fluid (rainwater, Gamble’s solution, gastric fluid) for S/TEM 

analysis. A small amount of pre-interaction YTP was suspended in 1 mL of clean Milli-Q 

water within an Eppendorf tube. Samples were vigorously shaken, and a droplet was placed 

onto a 200-mesh copper grid (SPI 2020C) and allowed to air dry; a second droplet was 

placed over the first grid once the grid had dried. The same procedure was used for YTP 

after interaction with simulated rainwater, lung, and gastric fluids. A JEM-F200 

Multipurpose Analytical S/TEM equipped with a cold-field emission gun operating at 200 

kV and two large-area energy-dispersive X-ray spectrometers was utilized. High-resolution 

S/TEM, in combination with fast-Fourier transform (FFT) and selected area electron 

diffraction (SAED), was used to determine the degree of particle crystallinity. STEM-EDX 

mapping was performed to detect, characterize, and define the spatial location of crocoite 

particles in the YTP, previously localized using ESEM. The STEM-EDX spectra were 

obtained in regions of interest containing crocoite particles. The background was subtracted 

from the STEM-EDX spectra to remove thickness effects. All post-interaction S/TEM 

images were taken at the final experimental time points.

3. Results

3.1. Pre-interaction results

3.1.1. YTP volume—The potential volume of YTP present in Philadelphia was 

calculated by analyzing all 4548 km of 40,659 streets. 22,075 of the streets are two-way and 

made up a total length of 2486 km. A lower and upper estimate for the YTP width was 

created based on the typical width of the paint stripes (100–150 mm) (Federal Highway 

Administration, 2000). All two-way streets were calculated as having 2 continuous yellow 

paint stripes. The average thickness for US road markings is 2 mm (e.g., Naidoo and Steyn, 

2018). From these data, the total volume of YTP used in Philadelphia was calculated as 

between 994 and 1492 m3. Utilizing the upper and lower volume calculations above and our 

XRF data, we estimate that 59.8–89.5 t Pb and 12.5–18.8 t Cr are spread across Philadelphia 

in the form of YTP. This estimate was calculated using a YTP density of 1.63 g/mL 

(Alabama Department of Transportation, 2008), as we do not know the exact density of 

Philadelphia YTP.

3.1.2. PXRD and XRF—Analysis of the PXRD patterns (example shown in Fig. S.1.2) 

revealed the presence in YTP of the following crystalline phases and their estimated 

abundances (in parentheses): calcite (70 wt%), dolomite (14 wt%), crocoite (5 wt%), rutile 

(4 wt%), and quartz (1 wt%). The detected crystalline phases in asphalt were albite (70 wt
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%), dolomite (23 wt%), and quartz (7 wt%). The only phase identified in standard PbCrO4 

was crocoite (Table 1).

When using the bulk elemental concentrations in the samples (determined by XRF), the 

atomic ratios of Pb to Cr in YTP (1.20) and standard PbCrO4 (1.23) were similar (Table 2).

3.1.3. Light microscopy—The YTP particles were heterogenous in size, generally 

bright orange-yellow in color, massive in texture, and had visible glass beads present (Fig. 

1a, b). In the following, YTP particles are defined as heterogenous mixtures that contain two 

or more of the following constituents: polymers, crocoite, asphalt, glass spheres, and rutile. 

The asphalt was also heterogeneous in size and color (primarily black, grey, and white) and 

had a fine-grained texture (Fig. 1c). Standard PbCrO4 displayed a vivid orange color and 

occurred as aggregates with variable particle sizes (Fig. 1d).

3.1.4. ESEM-EDX—YTP particles exhibited a mean D of 11.9 ± 11.0 μm and a mean d 
of 6.0 ± 6.8 μm(Table 3). The s parameter can be fit well (R2 = 0.93) with a power law 

function (Fig. S.2.1). The mean s value for YTP particles was 8.3 ± 8.3 μm (Table 3). The 

average SA of these particles was 1834 μm2, with a considerable range in values (36,244 

μm2 to 14 μm2). The average Ve of the YTP particles was 2173 μm3, with a range from 

80,410 μm3 to 0.5 μm3. The most common morphology was equant (37%) (Table 3, Fig. 

S.2.2). The term “equant” refers to particles that have nearly equal values of D and d (Veblen 

and Wylie, 1993). Other shapes present, as defined by Campbell (1977) and Veblen and 

Wylie (1993), were: massive, bladed, acicular, lamellar, platy, prismatic, fibrous, and 

columnar (Fig. S.2.2). Only the most abundant shapes are discussed herein. When viewed 

under ESEM, the YTP particles appeared to consist of many aggregated particles embedded 

in a Ca-rich matrix (Fig. 2) and these particles displayed a range of sizes (Fig. S.2.3). The 

Si- and O-rich area in Fig. 2 is a glass bead approximately 400 μm in diameter – comparable 

to the roughly 250 μm diameter bead in Fig. 1b. The areas containing both Pb and Cr 

(inferred to be crocoite) in YTP particles appeared as distinct phases in the matrix (Fig. 

S.2.4), as also seen in the element distribution images in Fig. 2.

Using ESEM-EDX spot analysis, the average Pb/Cr values in YTP particles (n = 20) and 

standard PbCrO4 (n = 20) were 0.95 and 1.00, respectively, i.e. close to the ideal 1.00, 

although standard PbCrO4 had a high estimated total error (0.22) (Fig. 3).

3.1.5. S/TEM-EDX—Element mapping of YTP particles by STEM-EDX revealed that Pb 

and Cr were concentrated at the same locations, which correspond to the dark-contrast 

grains in the bright-field TEM images and thus represent crocoite particles (see Fig. 4a). 

This interpretation is also consistent with the information gathered from the PXRD patterns. 

On the other hand, Ti- and Si-rich particles were spatially separated from each other and 

concentrated in individual, rounded phases (Fig. 4a) which, based on the information 

obtained from the PXRD patterns, must be rutile and quartz. Silicon, however, also occurs as 

coatings around crocoite particles (Fig. 4a, see also Fig. S.3.1a). Unlike the crocoite 

particles, which are crystalline, these rims are amorphous, as documented by FFT diffraction 

patterns (Fig. S.3.2). These amorphous coatings also contain O, and therefore are referred to 

as a silica coating below (Fig. S.3.3). The value of D for these coated crocoite particles 
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ranged from 0.5 μm to 0.2 μm, that of d from0.3 μm to 0.2 μm (Table S.3.1). These ranges 

were almost identical to those of standard PbCrO4 (D: 0.4–0.2 μm; d: 0.3–0.1 μm). The 

standard PbCrO4, however, did not show a silica coating (Fig. S.3.4). An electron-beam 

stability test was performed on standard PbCrO4 and it demonstrated the stability of the 

material at the instrument conditions used (Fig. S.3.4).

3.2. Post-interaction results: environment

3.2.1. Rainwater: ESEM-EDX—After interaction with rainwater, the mean D (6.7 ± 6.1 

μm) and d (3.3 ± 2.6 μm) values of YTP particles were smaller than the corresponding pre-

interaction values (Table 3). On the other hand, the s power law function was similar, but the 

fit was less robust (Fig. S.2.1). The mean s value (4.6 ± 3.6 μm) was smaller than the 

corresponding value of the original material. The ranges in SA (4523–3 μm2) and Ve (2130–

0.1 μm3) were also smaller than those of the corresponding starting material. After 

interaction with rainwater, most parameters were within one standard deviation of the 

corresponding starting material values. As with the pre-interaction YTP particles, the most 

frequent morphology observed was equant (48%) (Table 3, Fig. S.2.2). The Pb/Cr value of 

YTP particles (1.12) (n = 20) after interaction with rainwater was similar to that of the 

original material value (0.95), albeit with a much larger estimated total error (Fig. 3). 

Overall, ESEM images qualitatively indicated that the YTP particles appeared to be more 

rounded after their interaction with rainwater (Fig. S.2.3).

3.2.2. Rainwater: S/TEM-EDX—Subsequent to the YTP interaction with rainwater, 

bright-field TEM images and STEM-EDX element distribution maps highlighted areas with 

collocated Pb and Cr signals, which were inferred to be crocoite particles. These particles 

were similar to those observed in the pre-interaction images (Fig. 4b). Their crystallinity was 

not altered (Fig. S.3.5). Moreover, their silica coating persisted during interaction with 

rainwater (Fig. 4b). In one case, the Pb and Cr signals appeared to be present throughout the 

YTP-particle matrix (Fig. S.3.1b). The dispersed signals observed in the matrix were less 

intense and less localized than those concentrated on crocoite particles (Fig. S.3.1b).

3.2.3. Rainwater: ICP-OES—For YTP particles, no Pb or Cr were detected in rainwater 

at any of the time points, except for Pb and Cr at the first time point, where mean 

concentrations of 0.014 ppm Pb and 0.005 ppm Cr, were measured (Fig. 5; Table S.1.1). For 

asphalt, no Pb or Cr were detected in rainwater at any time point. For the case of standard 

PbCrO4, Pb was immediately released to 0.031 ppm and then increased to a final 

concentration of 0.152 ppm (Fig. 5a). From standard PbCrO4, Cr was immediately released 

to 0.27 ppm, from where its concentration increased in a time-dependent fashion, modeled 

by a power law fit with an R2 value of 0.99, to a final concentration of 1.027 ppm (Fig. 5b). 

At the endpoint of the rainwater interaction with standard PbCrO4, the extractable Pb and Cr 

values were 0.02% and 0.75%, respectively (Table 4).

3.3. Post-interaction results: simulated body fluids

3.3.1. Gamble’s solution and gastric fluid: ESEM-EDX—After interaction with 

Gamble’s solution, the mean D (7.3 ± 6.9 μm) and d (3.7 ± 3.0 μm) values of the YTP 

particles were smaller than the corresponding values in the starting material (Table 3). In 
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contrast, the s power law function was similar to the corresponding functions determined for 

the YTP particles both before and after interaction with rainwater (Fig. S.2.1). The mean s 
value was 5.1 ± 4.4 μm, which was lower than the corresponding value of the original 

material but similar to the one observed after interaction with rainwater. The ranges in SA 

(7454 – 2 μm2) and Ve (6586–0.1 μm3) were smaller than the corresponding ranges of the 

original material. The most frequent morphology was equant (68%) (Table 3, Fig. S.2.2). 

The Pb/Cr value of YTP particles (1.01) after interaction with Gamble’s solution was similar 

to the corresponding value of the starting material (Fig. 3).

After gastric-fluid interaction, the mean D (11.9 ± 13.4 μm) and d (5.2 ± 5.7 μm) values of 

the YTP particles were slightly smaller than the corresponding pre-interaction values (Table 

3), whereas the s power law function was similar (Fig. S.2.1). The mean s value (7.7 ± 8.5 

μm) was slightly lower than the corresponding value in the original material. The ranges in 

SA (35,654–3 μm2) and Ve (71,872–0.1 μm3) were similar to those of the starting materials. 

Again, the most common morphology was equant (53%) (Table 3, Fig. S.2.2). The Pb/Cr 

value of YTP particles (0.93) after interaction with gastric fluid was close to that of the 

original material (Fig. 3).

3.3.2. Gamble’s solution and gastric fluid: S/TEM-EDX—Subsequent to the YTP 

interaction with Gamble’s solution, areas with Pb and Cr signals were collocated and were 

inferred to be crocoite particles, as in the starting material (Figs. 4c, S.3.1c). Their silica 

coating also persisted during interaction with Gamble’s solution (Figs. 4c, S.3.6). Again, in 

some cases, Pb and Cr signals were dispersed throughout the YTP particle matrices (Fig. 

S.3.1c).

After the YTP interaction with gastric fluid, the Pb and Cr maps and the STEM images were 

nearly identical to the corresponding images of the starting material (Fig. 4d). The crocoite 

particles (according to PXRD data) and their silica coatings persisted during their interaction 

with gastric fluid (Figs. 4d, S.3.7). Lead and Cr signals were dispersed throughout some of 

the YTP particle matrices (Fig. S.3.1d).

3.3.3. Gamble’s solution and gastric fluid: ICP-OES—In Gamble’s solution, Pb 

was not released from any of the three studied materials at any time point except for the first 

time point, where concentrations of 0.020 ppm and 0.013 ppm were measured for YTP 

particles and standard PbCrO4, respectively (Fig. 6a). From standard PbCrO4, Cr was 

immediately released to 0.57 ppm and then increased, modeled by a power law fit with a low 

R2 value (0.52), to a final concentration of 0.86 ppm (Fig. 6b). These values correspond to 

0.42% and 0.63% extractable Cr, respectively (Table 4). In the cases of YTP particles and 

asphalt, Cr was not detectable at any time point except for the first time point, where 0.017 

ppm was measured for YTP particles (Fig. 6b).

In gastric fluid, Pb from YTP particles was immediately released to 0.30 ppm and then 

increased to a final concentration of 0.43 ppm (Fig. 7a). From asphalt, Pb was immediately 

released to 0.04 ppm and had a nearly identical final concentration. On the other hand, from 

standard PbCrO4, Pb was immediately released to 56.91 ppm and then increased to a final 

concentration of 69.18 ppm. These values correspond to 8.48% and 10.31% extractable Pb, 
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respectively (Table 4). From YTP particles, Cr was immediately released to 0.05 ppm and 

slightly increased to a final concentration of 0.09 ppm (Fig. 7b). From asphalt, Cr was 

immediately released to 0.007 ppm but was not detectable in the final solution (<0.003 

ppm). From standard PbCrO4, Cr was immediately released to 14.86 ppm and then increased 

to a final concentration of 18.01 ppm. These values corresponded to 10.84% and 13.14% 

extractable Cr, respectively (Table 4).

4. Discussion

4.1. Pre-interaction

The mineral phases found in Philadelphia’s YTP particles (Table 1) were similar to those 

identified in YTP from Hamilton, Ohio (White et al., 2014) and Hermosillo, Mexico (Meza-

Figueroa et al., 2018; González-Grijalva et al., 2019). However, the Hermosillo studies 

documented a significant quantity of kaolinite and did not report dolomite, reflecting the 

local soils. All phases found in the Philadelphia YTP particles, except for dolomite, were 

found in Hamilton. In Hamilton, a variety of locations were tested and some YTP particles 

contained crocoite whereas others did not. These results demonstrated that YTP used within 

the same city can be mineralogically heterogeneous (White et al., 2014).

We documented a silica coating of crocoite in YTP particles from Philadelphia (e.g., Figs. 

4a; S.3.1; S.3.2; S.3.3). The crocoite in YTP particles had nearly identical maximum and 

minimum D and d values to the corresponding values for standard PbCrO4. Previous studies 

have shown that amorphous silica has a low solubility in water and only becomes more 

soluble at pH conditions that are higher than those we tested (Alexander et al., 1954). In a 

study performed in Daejeon, South Korea, a silica-bearing layer also surrounded the PbCrO4 

pigments in the YTP samples (Lee et al., 2018). Our Pb, Si, and Cr maps of YTP particles, 

obtained by STEM-EDX, were comparable to the corresponding elemental maps from the 

Daejeon study. Due to these similarities, our YTP study is relevant to cities worldwide.

4.2. Post interaction (environment)

During interaction with rainwater, the YTP particles experienced a trend towards 

dimensional reduction (not statistically significant) related to the probable loss of particle 

agglomeration (Table 3; Fig. S.2.3). The crocoite particles remained crystalline throughout 

this interaction (Fig. S.3.5). The Pb and Cr signals in STEM-EDX maps were mostly 

concentrated in these crocoite particles (Fig. 4b), some cases were also dispersed throughout 

the matrix of the YTP particles (Fig. S.3.1b). These diffuse elemental signals indicate that 

some Pb and Cr may have been mobilized from the crocoite particles and subsequently 

trapped by the surrounding polymer matrix and, thus, did not leave the YTP particle itself. In 

some particles, Pb is concentrated in certain spots, whereas the Cr is dispersed across the 

entire particle (Fig. S.3.1b), which is not fully understood at this moment (see below).

One potential reason why minute amounts of Pb (0.014 ppm) and Cr (0.005 ppm) were 

initially released from the YTP particles, as well as from standard PbCrO4, may be that these 

elements were desorbed from the surface of the particles upon first exposure to rainwater. 

These initial concentrations were extremely small, but higher than in the blanks (Pb and Cr 
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were both not detected in the pure rainwater). At all other time points, including the 

endpoint of the experiment, the concentrations of both Pb (Fig. 5a) and Cr (Fig. 5b) were 

below the detection limits (Pb < 0.013 ppm; Cr < 0.003 ppm) in the solutions resulting from 

the YTP-rainwater interaction. In the case of standard PbCrO4, however, both metals were 

detected at the endpoint of rainwater interaction (Pb = 0.152 ppm; Cr = 1.027 ppm; Fig. 

5a,b). Future experiments on standard PbCrO4 are required to better understand why Pb was 

only detected at the first and last timepoints. Recalculating the final values into molar units 

yields final concentrations of 7.34 × 10−7 M for Pb and 8.85 × 10−6 M for Cr (expressed as 

CrO4
2 − ). Crocoite has a low solubility of 1.79 × 10−7 M in pure water at 25 °C (e.g., Centers 

for Disease Control and Prevention (CDC), 2012; Beauchemin et al., 2011). This value is 

comparable to the final concentration of Pb determined in the rainwater solution after 

interaction with standard PbCrO4, but is one order of magnitude lower than the final 

concentration of Cr. This discrepancy, thus, points to incongruent dissolution of the standard 

material in rainwater.

On the other hand, the Pb/Cr ratio determined by ESEM/EDX for the standard PbCrO4 

particles after exposure appears smaller (albeit statistically insignificant) than the 

stoichiometric value of 1.00 exhibited before interaction (Fig. 3), which indicates the 

opposite behavior, i.e. preferential removal of Pb. A possible explanation for this 

discrepancy is that the signal for the ESEM/EDX spot analysis results primarily from the 

bulk of the crocoite particles, because of the comparatively large volume of interaction of the 

electron beam, thus not allowing us to detect potential surface modifications.

Incongruent dissolution of crocoite was reported also by White et al. (2014), who studied the 

behavior over one month of crocoite in solutions containing various concentrations of NaCl 

or CaCl2. These authors, however, detected Pb, but not Cr in all of their solutions, and they 

observed that the Pb concentrations increased with increasing salinity, whereby the reported 

Pb values, in all cases, were higher than the final Pb concentration we observed in our 

experiment with rainwater and standard PbCrO4. Another previous study of PbCrO4 

pigments (Gao et al., 2019) found that after a 7-h exposure in natural sunlight to river water 

(pH = 6.21), the Pb2+ concentrations in solution were more than three times higher than 

those of Cr3+ (approximately 1.5 × 10−6 M; trivalent Cr due to the presence in the water of 

6.14 mg/L total organic carbon), which were similar to the Cr concentration we measured at 

the end of our experiment with rainwater. The differences between our results and those of 

previous studies may be due to varying length of experiments, composition of fluids, and 

overall difference in experimental variables (e.g., use of sunlight). Overall, these diverse 

results imply the need for additional systematic dissolution studies of PbCrO4 pigments.

The observed retention of both Pb and Cr within the YTP particles during the interaction 

with rainwater could be due to the silica coating of the crocoite particles. These coatings 

persisted during the experiment and probably inhibited crocoite dissolution. This conclusion 

is supported by a previous study (Pier et al., 1991), which reported that the solubility of 

PbCrO4 pigments in simulated environmental conditions was lower when they were coated 

with amorphous silica compared to when they lacked the coating. These results highlight the 

importance of the silica coating of crocoite in protecting the pigment from dissolution. On 
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the other hand, such coatings can be degraded in real environmental conditions (Lee et al., 

2018), which might lead to enhanced release of Pb and Cr.

The retention of Pb and Cr within the YTP particles observed in our experiments could also 

result from the presence of the polymer matrix that embed the silica-coated crocoite. These 

YTP polymers probably further limited the interaction between the coated crocoite and the 

rainwater.

4.3. Post interaction (body)

The size of YTP particles decreased after interaction with Gamble’s solution, documenting a 

trend towards dimensional reduction (albeit not statistically significant) (Table 3, Fig. S.2.3). 

This result suggests that the YTP particles, once inhaled, may experience a particle size 

reduction (deagglomeration) during their interaction with the lung fluid, allowing the 

particles to go deeper into the lungs. Eventually, the particles could reach the trachea-

bronchial region of the lungs due to their mean size (s = 5.1 μm) (e.g., Kastury et al., 2017) 

(Table 3). Additionally, the deagglomeration of the YTP particles may liberate the individual 

crocoite particles (D: 0.3 μm; d: 0.2 μm) from the surrounding polymer matrix during 

interaction. These liberated, small crocoite particles could eventually reach the alveolar 

region of the lungs (e.g., Kastury et al., 2017), (Table S.3.1). On the other hand, the size of 

the YTP particles was statistically not significantly different after interaction with the gastric 

fluid (Table 3).

The crocoite particles remained crystalline after interaction with both Gamble’s solution and 

gastric fluid (Figs. S.3.6; S.3.7). As was also described for rainwater interaction, in some 

cases, we observed that the Pb and Cr STEM-EDX signals were dispersed throughout the 

YTP particle matrix after both gastric fluid and Gamble’s solution interaction (Fig. 

S.3.1c,d).

The ICP-OES data showed that the YTP particles did not release detectable amounts of Pb 

and Cr into Gamble’s solution at the endpoint of the experiment (Fig. 6). Lead and Cr were 

only detected at the first time point, an observation that may, as mentioned for rainwater, be 

explained by initial desorption of metals from the surface of the particles. This may also 

apply to the interaction with standard PbCrO4 and to all of the initial gastric fluid 

interactions. At the end of the experiment with standard PbCrO4, no Pb was detected in 

Gamble’s solution, but Cr was present in a concentration of 0.858 ppm, which corresponds 

to 7.40 × 10−6 M Cr (expressed at CrO4
2 − ) and is similar to the concentration observed in 

rainwater (8.85 × 10−6 M). As was the case with rainwater, these data point to incongruent 

dissolution of standard PbCrO4 in Gamble’s solution. However, the Pb/Cr ratio in standard 

PbCrO4, calculated from ESEM/EDX spot analyses, is close to the stoichiometric value of 

1.00 and, therefore, points to congruent dissolution.

In gastric fluid, Pb and Cr were released from YTP particles to detectable concentrations at 

all three time points (Fig. 7). The final Pb (0.43 ppm) and Cr (0.09 ppm) values correspond 

to 2.10 × 10−6 M Pb and 7.82 × 10−7 M Cr (expressed as CrO4
2 − ). The lower pH (1.5) of the 

gastric fluid compared to that of the Gamble’s solution (7.4) could help to account for the 
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differences in ICP-OES values (e.g., Fraser and Fairhall, 1959). Also, Gamble’s solution 

contains a variety of components that are not present in gastric fluid, which could also affect 

the release of Pb and Cr. For the case of asphalt, the detectable concentrations of Pb (at all 

time points) and Cr (first time point) found in gastric fluid could be sourced from road dust 

coating the particles (e.g., O’Shea et al., 2020). In the case of standard PbCrO4, the 

concentrations of Pb and Cr at the end of the experiment with gastric fluid were 69.18 ppm 

Pb (3.34 × 10−4 M) and 18.01 ppm Cr (1.55 × 10−4 M, expressed as CrO4
2 − ). These final 

values suggest that the dissolution of standard PbCrO4 was nearly congruent in gastric fluid, 

thus contrasting with the results obtained from the experiments with rainwater and Gamble’s 

solution. This conclusion is also consistent with the Pb/Cr values for standard PbCrO4 after 

gastric-fluid interaction, which were close to the stoichiometric value of 1.00.

The amounts of Pb and Cr extractable by gastric fluid were 10.31% and 13.14%, 

respectively for standard PbCrO4, but only <1% for the studied YTP particles (Table 4). 

These data indicate that crocoite particles that are coated by an amorphous silica layer and 

embedded in the paint polymer matrix pose a lower risk to human health than uncoated pure 

PbCrO4 (see also Levy et al., 1986; Pier et al., 1991).

5. Conclusions

The experiments performed in this study generated a more detailed understanding of a topic 

of growing concern: YTP pollution. Our multi-analytical approach provided an in-depth 

characterization of YTP, and we recommend it for use in future investigations.

After most experimental interactions, particles tended to be smaller, although the 

dimensional reductions were not statistically significant. In agreement with previous studies, 

our data document that the coated crocoite particles in YTP are persistent during the 

experimental interactions and that they are probably less dangerous than initially believed, as 

they released much smaller amounts of Pb and Cr into the tested solutions than the uncoated 

standard PbCrO4. In addition, the coated crocoite particles in YTP are surrounded by the 

paint polymers which further protect the crystals from dissolving and buffer the release of 

Pb and Cr into final solution by trapping the metals.

S/TEM is the only technique that can clearly identify the presence of the silica coatings 

surrounding crocoite particles. Since this technique is costly, time-consuming, and difficult 

to access, we recommend that municipalities utilize alternative traffic paints, which are Pb- 

and Cr-free and thus do not contain PbCrO4 pigments. While Pb is banned in residential and 

toy usage in the US, it is still used in commercial and traffic settings.

Our experiments offer the first step in better understanding the chemical and morphologic 

evolution of YTP particles containing coated crocoite in conditions that simulate human 

body and environmental exposures. Future studies are required to understand under what 

conditions and time scales the coatings break down. We did not consider factors such as 

soils, organics, road salting or treatment, potential carbonation, valence states, or the state of 

the paint (e.g., flaked). Furthermore, we did not examine the role or behavior of elements 

other than Pb and Cr present in YTP (e.g., Ca, Ti, Mg) during dissolution, which was 
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beyond the scope of our study; the data for these additional elements, however, are reported 

in Table S.1.1 (Supplemental Material). We only investigated one single site in Philadelphia. 

It is possible that there are YTP samples in the city where a silica coating is not present 

around crocoite particles or where other yellow pigments were used. We suggest that future 

studies sample multiple areas throughout cities in order to account for this possible variation. 

Moreover, future investigations should test YTP in additional biological fluids, such as, 

intestinal solutions and artificial lysosomal fluid. New inquiries should also consider 

incorporating techniques such as wavelength-dispersive spectroscopy (WDS) to acquire 

additional analytical information. Using WDS will allow researchers to better assess the 

relatively large estimated total error of the mean Pb/Cr value in YTP after experimental 

interactions (Fig. 3). Our study suggests the need for systematic investigations of the 

dissolution and stability of crocoite pigments under a wider variety of appropriate 

environmental and human body conditions. Finally, due to the large amount of crocoite on 

the streets of Philadelphia, the consequences of long-term rainwater exposure must be 

considered in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Simulated environmental and human interaction with yellow traffic paint 

(PbCrO4).

• Some Pb and Cr were released into solution, especially into gut solution.

• Dimensional reductions observed after rainwater and Gamble’s solution 

interactions.

• Silica coating encapsulating crocoite particles persisted during all 

interactions.

• Crocoite particles remained crystalline after all interactions.
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Fig. 1. 
Optical microscopy pictures showing particles of YTP (a,b), asphalt (c), and standard 

PbCrO4 (d). The red arrow points to a YTP particle, the blue to an asphalt particle, and the 

yellow to a glass bead. (For interpretation of the references to color in this figure caption, 

please view the web version of this article.)

O’Shea et al. Page 21

Sci Total Environ. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
ESEM image (SE mode) showing a spherical object in YTP (top left); X-ray maps of the 

same area as that shown in the ESEM image displaying the distribution of Ca, Si, O, Pb, and 

Cr.
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Fig. 3. 
Values of Pb/Cr (at.%) in YTP particles and in standard PbCrO4 before and after interaction 

with rainwater, Gamble’s solution, and gastric fluid. These data were derived from ESEM-

EDX analyses of 20 spots per sample. Error bars represent estimated total error.
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Fig. 4. 
Bright-field TEM images (image d is in STEM mode) (top row) and associated STEM-EDX 

maps, showing the distribution of Pb, Cr, Si and Ti (bottom row) of YTP particles. Each map 

was collected from the rectangular area outlined in white in the TEM/STEM images shown 

in the top row; (a) particle before fluid exposure; (b) particle after rainwater interaction; (c) 

particle after exposure to Gamble’s solution; (d) particle after gastric-fluid interaction. The 

images for b, c, and d were taken at the final experimental time points.
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Fig. 5. 
Evolution of the Pb (a) and Cr (b) concentrations in rainwater over 1 week. The red error bar 

represents the standard deviation (σn−1) of the data obtained from triplicate YTP 

experiments. Values below the detection limits (<0.013 ppm Pb and <0.003 ppm Cr) were 

not plotted. (For interpretation of the references to color in this figure caption, please view 

the web version of this article.)
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Fig. 6. 
Evolution of the Pb (a) and Cr (b) concentrations in Gamble’s solution over 1 week. The red 

error bar represents the standard deviation (σn−1) of the data obtained from triplicate YTP 

experiments. Values below the detection limits (<0.013 ppm Pb and <0.003 ppm Cr) were 

not plotted. (For interpretation of the references to color in this figure caption, please view 

the web version of this article.)
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Fig. 7. 
Evolution of the Pb (a) and Cr (b) concentrations in gastric fluid over 1 h. The red error bars 

represent the standard deviation (σn−1) of the data obtained from triplicate YTP experiments. 

Values below the detection limits (<0.013 ppm Pb and <0.003 ppm Cr) were not plotted. The 

detection limit relates to the secondary y-axis. (For interpretation of the references to color 

in this figure caption, please view the web version of this article.)
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Table 1

Phases identified with PXRD and their estimated abundances in yellow traffic paint (YTP), asphalt, and 

standard PbCrO4 samples (in wt%). The values for the YTP sample represent the average of three aliquots, 

with the standard deviation (σn−1) listed in parentheses.

Material Calcite Dolomite Crocoite Rutile Quartz Albite

Formula CaCO3 CaMg(CO3)2 PbCrO4 TiO2 SiO2 NaAlSi3O8

YTP 70 (11) 14 (14) 5 (1) 4 (2) 1 (2) –

Asphalt – 23 – – 7 70

PbCrO4 – – 100 – – –

Sci Total Environ. Author manuscript; available in PMC 2022 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

O’Shea et al. Page 29

Table 2

XRF concentrations of selected elements in YTP, asphalt, and standard PbCrO4 (at.%).

Material Pb Cr Ca Si Pb/Cr

YTP 0.90 0.75 41.08 4.70 1.20

Asphalt <0.001 <0.001 27.00 15.32 –

PbCrO4 24.51 19.96 0.54 <0.001 1.23
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