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Abstract: A fluidized bed aerosol generator was connected to a 13-stage cascade impactor (nanoMOUDI)
for the size fractionation of urban dust (<10 pm), followed by the gravimetric analysis of loaded PTFE
filter samples. This method was used to characterize the PM; (thoracic) fraction of road dust sampled
from expressways, arterial roads and local roads in Toronto, Canada. The fine particle fractions
(<1.8 um) of all the studied samples accounted for 51-72% of the resuspended PM; (by weight).
Elemental analysis using ICP-MS and ICP-OES revealed an overall trend of element enrichment
in the <1.8 pm fraction compared to the coarse fraction (1.8-10 um) of the road dust. By contrast,
archived house dust samples displayed the reverse trend for most elements. The lung bioaccessibility
of target elements (Al B, Ba, Co, Cr, Fe, La, Mn, Mo, Sb, Sr, Ti, V and Zn) was assessed for each
road dust fraction using 0.1 M ammonium citrate (pH 4.4) to simulate intracellular fluid and Gamble
solution (pH 7.2) to simulate interstitial lung fluid. The <1.8 um fraction of local road dust displayed
significantly higher bioaccessibility (p < 0.05) for Zn when using Gamble solution, and for seven
out of the 14 target elements when using ammonium citrate. These results show the importance of
characterizing the fine fraction of road dust.

Keywords: inhalation exposure; airborne particulate matter; PM;.5; PM mass distribution; metal
solubility; street dust

1. Introduction

The health impacts of exposure to airborne particulate matter (PM) can include an
increased risk of respiratory problems (e.g., dyspnea, asthma and chronic bronchitis),
cardiovascular effects (e.g., vascular inflammation and atherosclerosis) and cancers [1,2].
It has been recognized that the mass concentration alone is not sufficient for determining
the effects associated with exposures to PM, as the chemical composition of the particles
contributes to their toxic potency [3,4]. Recently, there has been increased attention paid to
the geochemical characterization of PM to better understand the contribution of inorganic
constituents to the observed health effects [5]. A relatively new area of interest in the field
of public health is the impact of resuspended road dust on human health, particularly on
the respiratory and cardiovascular systems [6]. Road dust is a complex medium that is
generated by the accumulation of particles derived mainly from vehicular exhaust and non-
exhaust sources (particles emitted from tire and brake wear, road surface erosion and urban
soil) [7]. Due to the turbulence created by road transportation and wind, resuspended
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road dust is recognized to be an important source of atmospheric PM, particularly in large
urban centres [8,9]. As regulatory and legislative actions have helped to greatly reduce the
levels of air pollutants in automotive exhaust in recent decades, the relative contribution of
non-exhaust sources to atmospheric PM has increased [10]. Various studies have associated
certain metals in atmospheric PM with the wear and tear of auto parts (e.g., Pb, Cu and Zn),
gasoline and diesel emissions (Cr and Ni) [7], and exhaust catalysts (platinum, palladium
and rhodium) [11]. Particular concerns have been raised about inhalation exposures to
vehicular sources of transition metals (e.g., Zn, Mn and Cu), which generate reactive oxygen
species (ROS) [12,13] and which tend to display high bioaccessibility in the respiratory
tract [5].

Metal bioaccessibility plays a key role in the human health risk assessments of fugitive
road dust [5,14]. The term “lung bioaccessibility” refers to the amount of a substance that
is soluble in a simulated lung fluid environment and is capable of inducing pulmonary
toxicity [15]. A consensus is yet to be reached regarding which bioaccessibility assays most
accurately mimic the complexity of lung conditions [5,16-18]. The two extractions that
are most commonly used to simulate the lung environment include “Gamble solution”
and its various modifications (to represent neutral interstitial lung fluid), and the more
acidic artificial lysosomal fluid (ALF) to represent intracellular conditions [5]. The pH of
Gamble solution typically ranges from 7.3 to 7.8, while ALF is typically between pH 4.3 and
4.5 [5,15]. Mukhtar et al. [19] recommended a simple ammonium citrate buffer (pH 4.4) as
an alternative to the more complex ALF formulation, as they found very good agreement
between the two assays. Regardless of the extraction formulation, incubation usually
proceeds at 37 °C, as this is the biologically relevant temperature for dissolution studies [5].
Caboche et al. [16] recommended an incubation time of 24 h and a solid-to-liquid ratio
ranging from 1:5000 to 1:50,000.

The size fractionation of urban road dust samples is critical, as the content of bulk
samples is not considered to be a reliable indicator of the concentration and bioaccessi-
bility of metals in fine fractions [14]. Previous road dust studies have shown that metal
concentrations increase as the particle size decreases, which may be partly attributable
to the larger surface area and greater metal sorption capacity of smaller particles [9].
The thoracic fraction of inhalable particles (PM;j), and smaller size fractions, which can
penetrate further into the respiratory tract, are most commonly used for characterizing
inhalation exposures to urban dust [18,20]. Several approaches have been used to isolate
the <10 pm fraction of dust, soil and soil-like media, including dry sieving, ball milling
and/or wet extraction [9,21-24]. Guney et al. [23] reported that efforts to obtain the <10 pm
fraction of soil and tailings samples (using micromesh sieves) yielded inadequate sample
mass. Rasmussen et al. [24] avoided ball milling and wet extraction, as these could be
expected to alter the aerodynamic properties of dust particles, but found that sonic sieving
also introduced an unacceptable analytical artefact. Their recommended method was to
aerosolize the dust, with subsequent collection using a cascade impactor, which preserved
the aerodynamic diameter of the resuspended particles [24].

The aim of the present study was to develop a methodology for characterizing the
metal distribution within the thoracic fraction (median aerodynamic diameter < 10 um)
of PM derived from road dust. Aerosolized samples were size fractionated according
to the aerodynamic diameter of the particles (from 10 pm to 10 nm) using a 13-stage
micro-orifice uniform deposit impactor (nanoMOUDI). Metal bioaccessibility was assessed
using a modified Gamble solution [25,26] and a 0.1 M ammonium citrate solution [27].
The developed protocol allowed for the comparison of the fine and coarse components
of road dust to better understand how metals are distributed in these size fractions and
to increase understanding of the influence of particle size on metal bioaccessibility. To
provide additional insight, the protocol was also applied to house dust as a contrasting
urban dust medium.



Geosciences 2021, 11, 87

30f18

2. Materials and Methods
2.1. Sample Collection and Preparation

The road dust samples used in the present study were collected by the City of Toronto
(ON, Canada) using regenerative-air street sweepers under their “Clean Road to Clean Air”
program as described by Wiseman et al. [28]. These vehicles isolate dust particles having
a median particle diameter of approximately <10 um into an internal compartment (the
“dust box”), from sweepings of local and arterial roads and municipal expressways [28].
The traffic volume and speed limit (km/h) vary from low to high on the sampled roadways
(local roads < arterial roads < expressways) [28]. The road dust samples used in this study
were obtained from the dust box of the Toronto street sweepers, following collection in 2015
and 2016 [28]. Although the focus of this study was to develop a method for characterizing
road dust, house dust samples were included in most of the assays to gain perspective by
comparing a different environmental medium. As no Toronto house dust samples were
available, archived settled house dust samples (<80 pm size fraction) from the Canadian
House Dust Study (CHDS) were used for comparison [29]. The term “bulk dust” is used in
this paper to refer to the road dust box samples and the <80 pm house dust samples prior
to aerosolization and size fractionation.

2.1.1. Aerosolization and Size Fractionation

Road dust (3 road types, 3 replicates per sample) and house dust (5 homes, 2—4 replicates
per sample) were aerosolized using a Fluidized Bed Aerosol Generator (TSI model 3400A)
equipped with a %-inch cyclone, and ultra-high-purity helium as the carrier gas. The bed
flow was 2 L per minute (LPM), the bead purge flow was 7 LPM, and the chain conveyor
speed was set at 40. The aerosol generator is supplied with bronze beads (ACuPowder
International LLC, Union, NJ, USA) in the bed chamber; as the helium enters, the beads are
lifted in a boiling action to disaggregate and aerosolize the particle sample. The aerosol
generator was connected with %—inch—diameter polyetheretherketone (PEEK) tubing to a
13-stage micro-orifice uniform deposit impactor (nanoMOUDI-II, model 125B, MSP Corp.,
Shoreview, MN, USA), which enabled the aerosolized particles to enter the nanoMOUDI at
a flow rate of 10 LPM. Teflon filters (47 mm PTFE with polymethylpentene (PMP) support
rings, Pall Corp.) were placed on each of the 13 stages of the nanoMOUDI, which had
cut-point diameters ranging from 10 pm to 10 nm. The aerosol generation system was
stabilized for 60 min prior to each sample collection period, which ranged from 2 to 4 h
in duration, as required to obtain sufficient particle mass on each filter (for subsequent
analysis). Three to four replicate aerosolization/size fractionation runs were performed for
each dust sample.

The term “PM-loaded filter” is used in this paper to refer to the aerosolized dust
fractions collected on the PTFE filters using the nanoMOUDI. The term PMoarse refers to
the coarse fraction of PM;, defined here as 1.8-10 pm (i.e., the three largest size fractions).
The term PMg,, refers to the fine fraction, defined as <1.8 pm (i.e., the remaining 10 size
fractions). The <1.8 pm cut-point was selected because this was the nanoMOUDI cut-point
closest to the PM;.5 fraction of dichotomous samplers, which is the most common definition
of “fine particles” [30].

2.1.2. Gravimetric Measurements

Gravimetric measurements of the PM-loaded filters were performed using an Excel-
lence Plus XP Ultra Micro balance (XP2U, MettlerToledo, Mississauga, ON, Canada) in the
patented Archimedes M3™ Buoyancy-Corrected Gravimetric Analysis Facility (Health
Canada, Ottawa, ON, Canada), as described previously [31,32]. The filters were condi-
tioned inside an environmentally controlled weighing chamber for a period of 24 h before
the measurements, and buoyancy corrections were applied to all the measurements. The
environmental parameters were maintained at a temperature of 21 & 0.5 °C and relative
humidity of 40 £ 1% inside the weighing chamber. The system is equipped for pressure,
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temperature, dew point and relative humidity monitoring, as required for the application
of buoyancy corrections.

2.2. Sample Digestion and Analysis
2.2.1. Reagents, Standards and Certified Reference Materials

All the standards and digestion solutions were prepared using deionized water (DIW,
Milli-Q 18.2 MQ)). The total digestion solution was prepared using ultrapure concentrated
nitric acid (HNOj3, 67-70%, Seastar Chemical Inc., Sidney, BC, Canada) and hydrofluoric
acid (HF, 47-51%, Seastar Chemical Inc., Sidney, BC, Canada). Matrix-matched calibra-
tion standards for instrumental analysis were prepared using 10 and 100 pg/mL multi-
element standards (plasmaCal, SCP Science, Quebec, QC, Canada) and 10,000 png/mL
single-element standards (IsoSpec (Delta Scientific), Ontario, ON, Canada, and SCP Science,
Quebec, QC, Canada), as required. Table 1 lists the ingredients of the Gamble solution
(mean pH, 7.18 £ 0.04) modified according to Stopford et al. [25] and Midander et al. [26].
The compounds were obtained from Sigma-Aldrich (St. Louis, MO, USA) or Fluka (Fisher
Scientific: Waltham, MA, USA) as indicated in Table 1, and were added in the specified
order to avoid salt precipitation. The preparation of the 0.1 M ammonium citrate solution
(citric acid diammonium salt, 99+%, Alpha Aesar, Tewksbury, MA, USA) was based on
the method used by Thomassen et al. [27]. The pH was adjusted to pH 4.4 (mean pH,
4.42 + 0.01) using 2N HNOj;. Both extractions were performed at a 1:10,000 solid-to-liquid
ratio, as recommended by Caboche et al. [16]. For the analysis of the Gamble extracts, the
inductively coupled plasma-mass spectrometry (ICP-MS) calibration standards ranged
from 0 to 100 ng/mL, while a range of 0 to 500 ng/mL was used for the analysis of the am-
monium citrate extracts and total digests. The inductively coupled plasma-optical emission
spectrometry (ICP-OES) calibration standards ranged from 0 to 10,000 ng/mL. Leachates
and digests were diluted 10 times when needed to ensure that the analytical results were
within the calibration range. NIST 2584 Trace Elements in Indoor Dust, Nominal 1%
Lead Certified Reference Material (CRM) (National Institute of Standards and Technology,
Gaithersburg, MD, USA) was used to evaluate the recovery of the targeted elements.

Table 1. Composition (g/L) of Gamble solution (modified according to Stopford et al., 2003, and Midander et al., 2007).

Order of Addition Chemical Chemical Formula Supplier Information Mass (g)
1 Mai‘;ﬁiﬁ;;ﬁg‘de MgCl,-6H,0 Sigma-Aldrich; Cat. No. 255777 0.2033
2 Sodium chloride NaCl Fluka; Cat. No. 71379 6.0193
3 Potassium chloride KC1 Sigma-Aldrich; Cat. No. P9541 0.2892
4 Disodium hydrogen phosphate Na,HPO4 Sigma-Aldrich; Cat. No. 795410 0.1260
5 Sodium sulphate NaySOy Sigma-Aldrich; Cat. No. 204447 0.0710
6 Calcium chloride dihydrate CaCl,-6H,O Sigma-Aldrich; Cat. No. 470872 0.3676
7 Sodium acetate CyH30,Na-3H,0 Sigma-Aldrich; Cat. No. 32318 0.9526
8 Sodium hydrogen carbonate NaHCO3 Sigma-Aldrich; Cat. No. S5-6014 2.6043
9 Sodium citrate dihydrate C¢HsNazO7-2H,0 Sigma-Aldrich; Cat. No. 51804 0.0970

2.2.2. Total Element Digestion

The method for the total element digestion of the PM-loaded filters and bulk dust
samples was based on the 1 h ultrasonic dissolution procedure described previously [33].
The PM-loaded filters and blank filters were carefully inserted into 15 mL disposable
centrifuge tubes (Corning Inc., Corning, NY, USA). For the bulk dust and NIST CRM
digestion, 2.0 mg subsamples were quantitatively transferred into centrifuge tubes, and
4 mL of HNOj3, 0.1 mL of HF and 1.9 mL of DIW were added. Each tube was vortexed
(Fisher Scientific, Waltham, MA, USA) for 60 s and incubated at 90 °C in an ultrasonic bath
(Branson 8510R-DTH, Branson Ultrasonics, North Billerica, MA, USA) for 60 min. After
the first 30 min of incubation, the tubes were inverted to mix the digests. Once cooled, the
digests were diluted to 10 mL with DIW, mixed and centrifuged (Allegra X-22, Beckman
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coulter, Brea, CA, USA) at 3500 rpm for 10 min. The supernatant was decanted to a test
tube for elemental determination.

2.2.3. Gamble Extraction

The approach used for the application of the Gamble extraction was based on recom-
mendations by Caboche et al. [16] and was applied to 6 bulk road dust samples (including
all road types), 5 house dust samples, and PM-loaded filters from three road dust samples
(local road, arterial and expressway dust). PM-loaded filters, blank filters, and 2.0 mg of
bulk dust or 2.0 mg of NIST 2584 were inserted into 15 mL disposable centrifuge tubes.
A 6 mL volume of Gamble solution (Table 1) was added to the tubes. After mixing, the
extraction proceeded at 37 °C for 24 h in an orbital shaker (MaxQ 4000, Thermo Scientific,
Waltham, MA, USA) at a speed of 40 rpm. After 24 h, 4 mL of DIW was added, and
the extracts were immediately centrifuged at 14,600 rpm for 20 min at 6 °C (Allegra 64R,
Beakman Coulter, Brea, CA, USA). The supernatant was carefully transferred into a test
tube, acidified using 100 uL of HNOs3 and stored at 4 °C until ICP-MS analysis.

2.2.4. Ammonium Citrate (AC) Extraction

The 0.1 M ammonium citrate extraction was based on the first step of the inhalation
bioaccessibility method of Thomassen et al. [27], which was developed to represent intra-
cellular fluid conditions. It was applied to 6 bulk road dust samples (including all road
types), 5 house dust samples, and PM-loaded filters from one road dust sample (local
road dust only), with the same experimental approach used for the Gamble extraction, to
facilitate comparisons. That is, PM-loaded filters, blank filters, and 2.0 mg of bulk dust
or NIST 2584 were inserted into 15 mL centrifuge tubes. A 6 mL volume of extraction
fluid (0.1 M ammonium citrate) was added to the tubes, which were placed in the orbital
shaker for 24 h of incubation at an agitation rate of 40 rpm and temperature of 37 °C. After
incubation, 4 mL of DIW was added to the tubes. The extracts were mixed and immediately
centrifuged at 14,600 rpm for 20 min at 6 °C. A 9 mL volume of supernatant was transferred
and acidified with 100 pL of HNOj; for sample stabilization.

2.3. Elemental Determination

ICP-MS or ICP-OES was used for elemental determination, depending on the con-
centration levels present in the extracts. Elements present at low concentrations were
determined using the NexION 300s Dual-channel Universal Cell ICP-MS (PerkinElmer,
Woodbridge, ON, Canada) equipped with an apex-ST PFA MicroFlow nebulizer, an SC-Fast
autosampler (Elemental Scientific, Omaha, NE, USA), a cyclonic spray chamber cooled at
2 °C using a PC3x Peltier cooler and a triple-cone interface. The instrument was controlled
using the Syngistix version 1.1 software (PerkinElmer, Woodbridge, ON, Canada) and was
operated using an RF power of 1600 W and the following argon flow rates: 94-97, 1.2 and
18 L/min for the nebulizer, auxiliary and plasma, respectively. Standard mode was used
to report all the elemental concentrations with the exception of vanadium and chromium
in the ammonium citrate extracts, for which kinetic energy discrimination (KED) mode
was used with helium (with a flow rate of 3.9 L/min) to attenuate polyatomic interferences.
Daily optimization was performed using a tuning solution consisting of Be, Ce, Fe, In, Li,
Mg, Pb and U (1 mg/mL). An in-line 25 ng/mL Ge, In and Re internal standard solution
was used during the analysis. Elements present at higher concentrations (e.g., Al, Cu, Fe,
Mn and Zn) were quantified using the 5100 SVDV ICP-OES (Agilent Technologies, Santa
Clara, CA, USA) in the axial viewing mode (viewing height set to 8 mm). The ICP-OES was
equipped with a oneNeb Nebulizer and an SPS-2 autosampler (Agilent Technologies, Santa
Clara, CA, USA) and was controlled using the ICP Expert software version 7.4.1.10449. The
RF power was set to 1200 W, and the flow rates for the nebulizer, plasma and auxiliary
were 0.7, 12 and 1 L/min, respectively. The ICP-OES performance check solution (10 mg/L
Mn in 2% HNOj3) was measured daily. Bronze beads were dissolved using aqua regia (a
1:3 mixture of HNOj3; and HCI) to investigate their potential to contaminate the dust during
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aerosolization. Triplicate samples (0.5 g) of bronze beads were digested in 5 mL of 1:1
aqua regia:DIW until completely dissolved, and the volume was brought to 25 mL with
DIW. The extracts were diluted as necessary for elemental determination by ICP-MS and
ICP-OES.

2.4. Calculations and Data Analysis

The PM mass distribution across the 13 nanoMOUDI size fractions is expressed in
the units of weight percent (wt%), calculated by dividing the weight of PM recovered
for each size fraction (i.e., on each PM-loaded filter) by the total weight of PM recovered
on all the size fractions in a given aerosolization run, multiplied by 100. To calculate the
percent bioaccessibility, the bioaccessible metal concentration (e.g., Als) was divided by
the total metal concentration for each size fraction (e.g., Alt) and multiplied by 100 (e.g.,
Alg/Alt x 100). The total concentrations obtained using the ultrasonic dissolution method
were used in the bioaccessibility calculation for all the PM-loaded filters. In the case of
the bulk dust samples, the same method was used to calculate the bioaccessibility for all
elements except Cd, Ce and Sn. The results for these three elements in the bulk dust were
obtained using a four-acid digestion (HF, HClIO4, HNO3 and HCl), followed by ICP-MS or
ICP-OES analysis by ActLabs Inc. (Ancaster, ON, Canada). The results from the elemental
analysis of the PM-loaded filters from the top three nanoMOUDI stages (<10 to >1.8 um)
were combined to report the coarse fraction (PMcoarse), and the results from the PM-loaded
filters from the remaining ten stages (<1.8 um) were combined to report the fine fraction
(PMgipe). Three to four replicate aerosolization—fractionation runs were conducted for
each sample, which yielded multiple PM-loaded filters for characterizing the PMcoarse and
PMie. Student’s t-tests were used to compare means. The Wilcoxon signed rank test was
used to compare medians, and statistical significance was established at a probability level
of p < 0.05, unless indicated otherwise.

2.5. Quality Control

The limits of detection (LODs) for each type of extraction were calculated on the basis
of three times the standard deviation of procedural blanks (n= 30 for total digestion; n = 6
for Gamble; n = 6 for ammonium citrate; Table 2). The median values for the filter blanks
were subtracted from the PM-loaded filter values on a batch basis (n = 3 per batch). NIST
2584 was included in all the batches to monitor the recovery and reproducibility. The
median values for the procedural blanks were subtracted from the NIST CRM and bulk
sample results on a batch basis (n = 3 per batch). Analysis of the bronze beads used for
aerosolization indicated they were a potential source of contamination for Ag, As, Bi, Cu,
Ni, Pb and Sn; therefore, these elements are not reported for the PM-loaded filters. Other
elements are not reported for the PM-loaded filters because they were below the LODs,
including Ag, As, Be, Bi, Cr, Ti, Tl and U in the Gamble extracts and Ag, Be, Se, Tl and U in
the ammonium citrate extracts. Ripped nanoMOUDI filters and filters with particle loading
insufficient for gravimetric analysis were discarded and are reported as not available (NA).
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Table 2. Quality Assurance/Quality Control (QA/QC) for inductively coupled plasma (ICP) measurements of NIST 2584 following Gamble (* n = 6) and ammonium citrate (* n = 6)
extractions and total digestion (¥ n = 11); limits of detection (LODs) were calculated based on 3 times the standard deviation of procedural blanks (* 1 = 6; ¥ 1 =30); RSD = Relative Standard
Deviation. (%RSD = Standard Deviation/mean expressed as percent).

Modified Gamble Ammonium Citrate Total Digestion
Certified LOD * Observed* RSD  Bioaccessibility LOD*  Observed* RSD  Bioaccessibility LOD Observed¥ RSD  Recovery
mg/kg mg/kg mg/kg % % mg/kg mg/kg % % mg/kg mg/kg % %
Aluminum 23,200 + 600 9.42 240 31.0 1 7.29 1493 8.80 6 35.0 22,656 7.99 98
Antimony 14 1.49 2.42 39.8 17 0.95 4.68 8.11 33 411 11.9 20.2 85
Arsenic 174+ 42 249 2.27 74.6 13 1.23 7.41 4.61 43 0.40 16.4 11.1 94
Barium 1300 194 35.6 60.7 3 1.96 349 2.44 27 1.28 1384 7.87 106
Bismuth 9 0.84 <LOD - - 1.52 4.98 129 55 2.50 7.69 13.2 85
Boron NA 3.40 1439 194 NA 2.15 1020 5.96 NA 7.19 1231 7.17 NA
Cadmium 100+ 1.1 0.58 3.20 22,6 32 1.28 6.07 6.31 61 0.19 7.67 11.5 77
Cerium 35 0.89 1.11 51.6 3 0.94 16.1 7.81 46 0.10 38.6° 13.9 110
Chromium 135.0 £ 9.1 94.7 <LOD - - 0.22 19.7 41.6 15 11.9 127 30.5 94
Cobalt 10 1.07 2.01 424 20 1.23 3.23 11.5 32 0.10 9.56 2 9.73 96
Copper 320 50.2 23.0 55.7 7 121 144 23.2 45 4.88 309 25.9 96
Iron 16,400 £ 1200 603 <LOD - - 35.7 2109 10.1 13 396 14,395 8.23 88
Lanthanum 19 £2 0.79 0.40 54.8 2 1.09 3.75 13.4 20 0.08 14.0 20.8 74
Lead 9761 + 67 1.01 560 26.5 6 1.41 7983 7.96 82 0.65 9292 6.43 95
Manganese 370 1.04 61.4 24.0 17 1.68 190 8.43 51 1.11 343 9.15 93
Molybdenum 5.5 1.14 0.61 56.6 11 1.05 0.91 28 17 2.03 4.69 31.1 85
Nickel 90 7.18 6.49 79.3 7 1.20 204 29.7 23 1.42 84.6 25.2 94
Strontium 160 204 <LOD - - 5.53 63.8 25.3 40 2.82 163 9.87 102
Tin NA 2.26 <LOD - - 0.99 12.8 58.3 NA 1.00 28.74 29.3 NA
Titanium 4200 =+ 300 47.5 <LOD - - 1.76 39.5 417 0.9 100 3860 2 10.7 92
Vanadium 34 18.2 1.10 79.3 3 0.16 4.32 38.3 13 0.28 32.6 7.09 96
Zinc 2580 + 150 18.9 380 24.1 15 13.4 1811 4.18 70 219 2426 10.8 94

@ Total concentration values for Ce, Co, Sn and Ti from ActLabs Inc. (Ancaster, ON, Canada).
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Table 2 includes the recovery and reproducibility for the total digestion method
evaluated using NIST 2584, and shows that the total element recoveries fell within the
80-120% range, with the exception of those for cadmium (77%) and lanthanum (74%). The
bioaccessibility and reproducibility results obtained using NIST 2584 for the Gamble and
ammonium citrate extractions are also included in Table 2. The higher relative standard
deviation (RSD) of the Gamble results compared to that of the ammonium citrate (AC)
extraction is attributed to the relatively low soluble metal concentrations yielded by Gamble,
often approaching the LODs. The bioaccessibility results in Table 2 demonstrate the
important role of pH, with the more acidic AC extraction yielding greater bioaccessibilities
(up to 81.8%) than the neutral Gamble extraction (<32%), consistent with other studies that
have used NIST 2584 to test bioaccessibility assays [16,34-36]. To the authors” knowledge,
these are the first reported results for NIST 2584 using 0.1 M ammonium citrate extraction.

3. Results and Discussion
3.1. Road Dust and House Dust PM Mass Distribution Profiles

Figure la—c display the PM mass distribution profiles obtained by aerosolizing three
types of urban road dust followed by size fractionation into 13 nanoMOUDI stages and the
gravimetric analysis of the PM-loaded filters. The particle size modes of these road dust
profiles display a decreasing trend from local roads (mode = 1.8-3.2 um) to arterial roads
(mode =1.0-1.8 um) to expressways (mode = 0.56-1.0 um). In other words, as the speed
limit and traffic volume increase, the particle size mode decreases in the following order:
local roads > arterial roads > expressways. A comparison of the relative proportions of
fine particles (PMgy) versus coarse particles (PMcoarse) can be derived from Figure 1, by
combining the wt% values for the ten fine fractions (<1.8 um) and the three coarse fractions
(>1.8 to <10 um). This comparison shows that the PM;y generated from expressway dust is
dominated by PMg,e (72 wt% fine; 28 wt% coarse), whereas the relative proportions are
almost equal in the PM;( generated from the other types of road dust (PMg,e = 51 wt% for
arterial road and 56 wt% for local road; Figure 1).

3.2. Total Element Concentrations in Fine versus Coarse Dust Fractions

Typical urban house dust samples were included in the present study for the purpose
of comparison with an environmental medium of differing composition and physical—-
chemical characteristics (Figure 1d). In general, road dust tends to be slightly more alkaline,
typically pH 6-8 [14,37], and has a lower organic carbon content, typically <10% [28,38],
compared to house dust (16-37% organic carbon; pH 6) [39]. The house dust PM mass
distribution profile (Figure 1d) indicates that the PMjy generated from indoor settled
dust has a broad particle size mode, between 1.8 and 5.6 um, and consists of 57 wt%
PMgipe (43 Wt% PMcoarse). Previous size fractionation of CHDS samples, using a sonic
sieve, indicated that the <10 um fraction constituted 50% of the bulk dust (<80 um) by
weight [24]. Based on the nanoMOUDI results in Figure 1d showing that fine particles
(<1.8 um) constitute approximately half of the <10 um fraction by weight, which in turn
constitutes approximately half of the bulk dust by weight [24], it can be estimated that
indoor settled dust contains about 25 wt% fine particles. Such estimates are helpful for
assessing potential inhalation exposures to metals and other contaminants via resuspended
house dust.

The predominance of PMg,,. observed in the expressway dust is consistent with
previous conclusions that higher traffic volumes are associated with increased grinding of
road dust by vehicles [40]. Otherwise, it is difficult to compare the profiles in Figure 1 with
literature studies due to the paucity of data on the fine particle size distribution of road
dust. The high proportions of PMg,, observed in all the studied samples (Figure 1) have
particular significance for inhalation exposure assessments, due to the increase in particle
number concentrations for a given mass of fine particles compared to coarse particles [20].
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Figure 1. Particulate matter (PM) mass distribution profiles for (a) expressway dust, (b) arterial road dust, (c) local road dust and (d) house dust. Weight of each fraction was divided by
total weight of all fractions, expressed as % by weight (= wt%). Error bars for road dust profiles = standard deviations of triplicate runs unless indicated otherwise (NA = no filters passed
QC/QC criteria, ¥ = only one filter passed); error bars for house dust = standard deviations of four different homes; fine particles defined as <1.8 um in this study (indicated by the vertical

arrow). See supplementary material (Figure S1) for details of individual homes.
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Figure 2 compares the total element concentrations in PMgpe versus PMcoarse for the
two studied media, normalized to enable multi-element presentation in a single graph. A
key feature of Figure 2 is the reversal in metal distribution trends between the two media:
in the road dust, PMgpe > PMcoarse for all the studied elements, whereas in the house
dust, PMgine < PMcoarse for most elements. The original data presented for the individual
samples in the supplementary material (Tables S1 and S2) show that the differences between
the size fractions are statistically significant (p <0.05) in some samples and not in others,
but it is the overall difference (reversal in trend) between the two media that is relevant and
worth further investigation. Metal enrichment in smaller size fractions is often attributed
to the larger surface area and greater metal sorption capacity of small particles [9], but the
difference in trend between the two media in Figure 2 indicates an overriding influence
of other factors, such as different metal species and sources. In the case of road dust, the
observed enrichment of metals in PMg,. compared to PMcoarse (Figure 2a) is consistent with
Kong et al. [40], who also reported higher metal concentrations (Cr, Co, Ni, Cu, Zn, As, Cd
and Pb) in the PM;.5 fraction of road dust compared to PMjj. Padoan et al. [14] suggested
that the metal enrichment in the fine fractions of road dust might be attributable to the
greater proportion of combustion products (vs. non-exhaust traffic emissions) present in
PMj;.5 compared to PMyj.

(a) Road Dust (n=4)
250

@ PMcoarse B PMfine

g

150

3

wm
o

Normalized concentration

Al B Ba Co Cr Fe LaMn Mo Sb Sr Ti V Zn

(b) House Dust (n=5)
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Figure 2. Normalized total metal concentrations in fine versus coarse fractions of (a) road dust and
(b) house dust. For each element, the coarse fraction was normalized (to 100), with the fine fraction
converted proportionately. Fine = <1.8 um and coarse = 1.8-10 um; error bars show normalized
standard deviations (see supplementary material Tables S1 and S2 for all original data).
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By contrast, most of the element concentrations in the house dust displayed the reverse
trend (PMgine < PMcoarse) with two exceptions: Sb and Cr in the house dust both displayed
PMfine > PMcoarse (Figure 3b). This was consistent with the indoor PM;.5/PMyg_5.5 trends
for Sb and Cr observed in living room air samples from Windsor Ontario, which displayed
median values of 25.5/11.0 ug/g for Sb and 1214/267 ng/g for Cr [24]. A study of
Edmonton homes [41] concluded that Sb in ultrafine PM in indoor air could arise from
both indoor sources (the resuspension of flame-retardant-treated carpet fibers) and outdoor
sources (traffic-related brake/tire wear). Resuspended house dust was also identified as a
source of Cr [41], which has both indoor sources (e.g., stainless steel debris) and outdoor
sources (traffic and industry) [41-43].

(a) Local Road; significant difference between fine and coarse fractions

Z /\
= 100
2 = 57 46
2 =
3 ] ? N .
§ 0 § S B Fine
:-Z § § B Coarse
S N
Al* Ba**  (o* Fe** b* e -
B Fine
@A Coarse

Figure 3. Bioaccessibility of fine versus coarse fractions of resuspended road dust when using 0.1 M
ammonium citrate (pH 4.4) showing (a) significant difference between fractions and (b) no significant
difference; fine = <1.8 um and coarse = 1.8-10 um; * significant at p < 0.05; ** significant at p < 0.01.

3.3. Metal Bioaccessibility in Fine versus Coarse Dust Fractions

Figure 3 compares the median bioaccessibility results obtained for PMg,. versus
PMcoarse using ammonium citrate extraction (AC; pH 4.4), which was applied only to the
local road dust sample (insufficient sample was available for the arterial road and express-
way dust). Seven (out of the 14) targeted elements displayed a statistically significant
influence of particle size on bioaccessibility (Al, Ba, Co, Fe, Sb, Ti and V), and in each case,
the bioaccessibility was higher in PMgy, than in PMcearse (Figure 3a). The simple 0.1 M
AC solution used in this study does not include reagents commonly used in ALF such as
glycine, citrate and tartrate, which may enhance extraction efficiency [44]. However, the
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key benefit of using a simple AC solution (especially for determining trace elements in
lightly loaded filter samples) is minimizing matrix interferences. More complex extraction
fluids can introduce analytical problems such as salt build up, matrix effects and high
blanks (depending on the purity of the reagents) [19].

Of all the target elements, the bioaccessibility was the highest for Zn (Figure 3b) in
both size fractions extracted with AC (78% in PMgpne and 73% in PMcgarse), consistent
with previous studies [7,14]. Hong et al. [7] concluded that tire wear and diesel exhaust
were the two greatest contributors to bioaccessible Zn in road dust. The bioaccessibility
was the second highest for Mn (Figure 3b), which may reflect weathered soil minerals
and/or Mn-based gasoline additives. The tendency for the total concentrations of Zn,
Mn and other metals to be enriched in PM;, compared to PMcoarse (Figure 2; Table S1),
in combination with their high bioaccessibility (Figure 3), highlights the importance of
characterizing inhalation exposures to metals in the fine fraction of resuspended road dust
in health risk assessments.

Figure 4 displays the median elemental bioaccessibilities in the PMg,e and PMcoarse
fractions of three types of road dust obtained using Gamble extraction. Due to the neutral
pH of the Gamble extraction (pH 7.2), only six elements exceeded the LOD for local road
dust (Figure 4a), compared to 14 when using the more acidic AC extraction (Figure 3).
The boron (B) bioaccessibility values in the local road dust were similar regardless of
which assay was used (40-58% in PMg,e and 33-35% in PMcoarse), but the bioaccessibility
values for the other elements (Al, Ba, Co, Mn and Zn) were two to ten times lower when
using Gamble (Figure 3) compared to AC (Figure 4a). The high RSD values yielded by
Gamble (observed using NIST CRM, Table 2) introduced another challenge: the greater
the variability in the results, the greater the number of replicates needed to establish a
significant difference between the size fractions. Thus, while Figure 4 shows that the
overall trend when using Gamble was toward higher bioaccessibility in PMg,, versus
PMcoarse, the difference between the size fractions was significant only in the case of Zn in
local road dust (Figure 4a). Specifically, the Zn in local road dust exhibited significantly
higher bioaccessibility in PMg,e (7.8%) than in PMcoarse (5.1%). Similarly, Pelfréne et al. [15]
reported that bioaccessibility was critically dependent on the pH of the simulated lung fluid
and observed that ALF (pH 4.5) yielded more stable results across different solid:liquid
ratios and greater extraction ability than Gamble (pH 7.3) for assessing the bioaccessibility
of fugitive smelter dusts.

Previous observations of higher metal bioaccessibilities in the fine versus coarse
fraction of road dust have been attributed to differences in speciation [14], suggesting
that different metal sources may influence each size fraction. It follows that differences
in speciation may also influence the bioaccessibility of metals in dust from different road
types. Indeed, Figure 4 does display a general trend for the three road types: as the
traffic volume and speed limits increased, the metal bioaccessibility in PMg,. decreased
(local road > arterial road > expressway), although this trend was statistically significant
only for Co (p <0.05). A similar trend was observed in PMcarse, With the exception
of Zn bioaccessibility, which was relatively stable regardless of the road type (ranging
from 4.8 to 7.8%; Figure 4). These preliminary results suggest that the differences in
metal bioaccessibility between different road dust types may be attributable to differences
in speciation.
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Figure 4. Element bioaccessibility in fine versus coarse fractions of resuspended road dust when using
Gamble solution (pH 7.2) for (a) local road, (b) arterial road and (c) expressway dust. Fine = <1.8 um
and coarse = 1.8-10 um; Mn not reportable for (c) expressway.

3.4. Metal Bioaccessibility in Bulk Samples of House Dust and Road Dust

Figure 5 displays the data from the bulk dust samples (i.e., not aerosolized), contrasting
the results obtained with the two different bioaccessibility assays, which highlight the
role of pH having a controlling influence on metal solubility, independently of the matrix.
Because the bulk dust samples shown in Figure 5 were not aerosolized, there was no risk
of contamination by bronze beads, thereby permitting Ag, As, Bi, Cu, Ni, Pb and Sn to be
reported. Furthermore, the small sample masses of the PM-loaded filters were inadequate
to exceed the LODs for many elements, and therefore, the bulk samples were useful for
comparing the bioaccessibility of a broader range of elements in the road dust versus
house dust.
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Figure 5. Bioaccessibility of elements in bulk house dust and bulk road dust using (a) Gamble
extraction at pH 7.2, and (b) 0.1 M ammonium citrate (AC) extraction at pH 4.4. § Boron concentration
was halved in 5a to fit the graph. Error bars = standard deviations.

The more neutral Gamble extraction (Figure 5a) permitted the detection of only 17 ele-
ments (above the LOD) compared to the 22 elements detected using the more acidic AC
extraction (Figure 5b). This observation that the more acidic extraction (AC) yielded higher
bioaccessibility was consistent with Pelfréne et al. [15], who reported higher bioaccessibility
when using ALF compared to Gamble solution for three CRM matrices: NIST 1648a (urban
PM), NIST 2710a (soil), and BCR 723 (road dust). In addition to the role of pH, the higher
bioaccessibility obtained with AC in the present study could also be related to the role of
citrate as a chelating agent [19], as the citrate concentration was higher in AC than in the
Gamble solution (Table 1).

There was one exception to the above-noted pH influence: Figure 5 shows that the
bioaccessibility of B in the house dust appeared to be unaffected by the difference in pH
between the two extractions (Gamble: 80%; AC: 78%). In the road dust, B bioaccessibility
when using AC (32%) was double that when using Gamble solution (16%), which is similar
to the trend shown by other elements. The observed behaviour of B suggests that B
speciation in house dust is different from B speciation in road dust, possibly due to the
different sources of B in the indoor environment (such as household cleaning products).
Overall, the metal bioaccessibility tended to be higher in house dust than in road dust
(Figure 5). When using the Gamble extraction, 11 out of the 17 targeted elements (Al, B, Cd,
Ce, Co, Mn, Ni, Pb, Sb, Sn and Zn) showed higher bioaccessibility in house dust compared
to road dust (Figure 5). When using AC, 12 out of the 22 targeted elements (Al, As, B, Co,
Cr, Cu, Fe, Mo, Nj, Sr, V and Zn) showed higher bioaccessibility in house dust than in road



Geosciences 2021, 11, 87

15 0of 18

dust (Figure 5). These results are consistent with Rasmussen et al. [24,39], who attributed
differences between outdoor soil and indoor dust metal bioaccessibility to differences
in matrix composition (especially organic carbon content) and metal sources/speciation.
Further physical-chemical characterization of the samples would be required to fully
understand the observed differences in metal dissolution behavior between house dust
and road dust.

4. Conclusions

This study addressed the need for a relevant methodology for isolating and size-
fractionating urban dust particles within the thoracic fraction (<10 um) for subsequent
elemental analysis. The resuspension of dust using a fluidized bed aerosol generator
connected to a nanoMOUDI to load particles onto filters enabled (a) the characterization
of the PM mass distribution across 13 aerodynamic size fractions ranging from 10 um to
<10 nm in aerodynamic diameter, and (b) the subsequent characterization of the total and
bioaccessible metal composition of each size fraction. The method proved suitable for both
the environmental media studied: road dust and house dust. However, one limitation
of the method arose from the use of bronze beads to disaggregate and fluidize the dust
particles, which were found to be a potential source of metal contamination. As a result,
Ag, As, Bi, Cu, Ni, Pb and Sn could not be reported for the PM-loaded filters. Therefore,
future studies will evaluate alternative bead materials. Another limitation was that the
method was quite labour-intensive, particularly when running multiple replicates of each
sample. Time and effort could be saved in future studies by installing fewer stages in the
nanoMOUDI, which is an option described by the manufacturer. A further advantage of
using fewer stages would be the increased PM mass loading that would be obtained on each
filter, which would improve the likelihood of exceeding the ICP limits of detection. The
analytical challenge presented by the lightly loaded filters in the present study, particularly
in the ultrafine size range (<100 nm), resulted in a limited number of elements exceeding
the limits of detection.

As this study focused on method development, emphasis was placed on obtaining
multiple aerosolization-nanoMOUDI replicates of a small number of samples to charac-
terize the within-sample reproducibility. In future studies, more representative sampling
across different types of roads will be required to further investigate the preliminary results
presented here. Specifically, it was observed that the expressway dust sample contained a
greater proportion of fine particles (PMg defined as <1.8 um) compared to dust from other
road types (local and arterial) and urban house dust. It was also observed that, in general,
road dust showed enriched total metal concentrations in PMg,. compared to PMcoarse
(1.8-10 pm). Conversely, house dust showed equal or higher total metal concentrations
in PMcoarse compared to PMg,., with only two exceptions (Sb and Cr). The observed
higher proportion of fine particles in the expressway dust and the observed tendency for
metals to be more concentrated in the fine fraction of road dust (but not house dust) are
consistent with previous studies that concluded that combustion and non-combustion
products generated by vehicular traffic are a key source of PM-bound metals in the fine
size range (commonly defined as PM3.5).

In addition, the fine fraction of local road dust displayed significantly higher bioacces-
sibility than the coarse fraction (p < 0.05) for Zn when using Gamble extraction (pH 7.2;
to simulate neutral interstitial lung fluid) and for seven out of the 14 targeted elements
when using ammonium citrate (AC) extraction (pH 4.4; to simulate intracellular fluid). The
simple AC solution showed promise by reducing the analytical challenges often associated
with the more complex ALF matrices used to simulate intracellular dissolution. In general,
the high bioaccessibility of many metals in the thoracic fraction of road dust, in combination
with the observed enrichment of total metal concentrations in the fine fraction, emphasizes
the importance of rigorous and well-established methodologies for refining assessments of
inhalation exposures to resuspended road dust.
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