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ABSTRACT: Atmospheric particles from natural and anthropogenic
sources contain reactive trace elements (TE) of importance to aerosol
multiphase chemistry, health risk assessment of inhalation and
ingestion, and ocean productivity. While the dissolution of TE from
model and field-collected particles in various aqueous phase conditions
of relevance to aerosol liquid water and bodily fluids have received
attention, there remain knowledge gaps on (a) benchmark materials
and methods for standardizing dissolution experiments and (b) the
relevance of dissolution time scales in previously published reports to
real-time, long range transport and human exposure. Here, we use fully
characterized reference solid materials, namely, Arizona test dust
(AZTD) and combustion coal fly ash samples from India, the U.S., and Europe, representative of atmospheric aerosol particles from
natural and combustion sources. Using ICP-MS and optimized analytical procedures that address technical challenges with
selectivity and sensitivity, we quantified the concentrations of dissolved TE Fe, Cu, Mn, As, and Pb under simulated atmospheric
aging (14 days) and human exposure experiments using saliva (5 min), lung fluid (10 min), and gastric juice (1 h). We found that
levels of dissolved TE normalized to the total dissolvable levels under strong acid extraction are much higher in simulated aged
aerosol water than in bodily fluids of unreacted particles. The significance of these results is discussed in the context of aerosol
multiphase chemistry, health impacts, and ocean biogeochemistry.
KEYWORDS: Arizona test dust, fly ash, trace elements, brown carbon, aerosol aging, bioaccessibility, health risk assessment,
ocean productivity

■ INTRODUCTION
The trace elements (TE), which include transition metals and
metalloids, in atmospheric aerosol particles originate from
natural and anthropogenic sources. Wind action on the Earth’s
crust produces mineral dust aerosol during major storm events
resulting in thousands of teragrams in atmospheric loading.1,2

These aerosols cover the coarse and super-coarse size modes
(diameter (d) > 1 μm) with a smaller fraction in the higher
surface area accumulation mode (0.1 < d < 1 μm). These
particles undergo long range transport for thousands of
kilometers.3−6 Aerosol particles in the latter size range are
more reactive and have longer atmospheric residence time.7−9

The burning of fossil fuels and waste, traffic and industrial
activities also produce “unconventional” mineral dust called
coal fly ash and oil fly ash, mostly in the fine (d < 2.5 μm) and
ultrafine size modes (d < 0.1 μm).10,11 TE in natural and
unconventional mineral dust appear in the form of oxides,
carbonates, and sulfates in a matrix of clays and oxides of alkali
and alkaline earth metals.12−16 These elements include Fe, Cu,
Mn, As, and Pb, which are the focus of our studies here. A
broad classification of these elements on a global scale list as
traffic-related (Fe and Mn),17 traffic/industrial (Cu),17 and

industrial/burning (As and Pb).18 The relative amounts of
these elements vary by location and level of traffic/industrial
activities.
Atmospheric aerosol particles containing TE have complex

physicochemical properties that evolve over time due to
atmospheric aging, a term referring to multiphase reactions
with reactive radicals, acidic gases, and organics.19 Out- and in-
cloud processing of these particles also take place due to
changes in relative humidity, temperature, and pH.20−22 Some
of these reactions and processes are catalyzed by transition
metals in mineral dust and fly ash and enhance TE dissolution,
particularly in the presence of water soluble organic carbon
(WSOC).23,24 For example, the speciation, chemistry and
dissolution of Fe in mineral dust and fly ash particles received
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much attention because Fe is a redox (photo)active element
and an essential micronutrient for organisms at the sea surface
microlayer.20,25,26 Multiphase chemistry in atmospheric aero-
sols changes the aerosol hygroscopicity27 and acidity,28 surface
and bulk chemical composition,29 optical properties,30

morphology,31 and mixing state.32 These changes control the
aerosol residence time in the atmosphere and impact the
climate system. Also, the insoluble and dissolved transition
metal content in aerosol liquid water determine the biological
and toxicological impacts of atmospheric aerosols.33−37

Studying these impacts is of importance to understanding
and quantifying aerosol effects on ocean productivity upon
deposition and human health upon inhalation-ingestion.
Numerous studies highlight the impacts of inhaling

particulate matter (PM) in the fine (<2.5 μm, referred to as
PM2.5) and ultrafine (<0.1 μm, PM0.1) size range on human
health and their links to cardiovascular diseases, lung cancer,
brain function damage, and mortality.38,39 Park et al.40

analyzed the differential toxicity of PM2.5 from various
combustion and noncombustion sources to derive toxicity
scores. Traffic-related PM2.5 from road dust, break and tire
wear41 yielded the highest toxicity scores. Chemical toxicity
studies assess the bioaccessibility of metals in PM by using
assays to quantify the fraction of soluble metal in bodily fluids
to accurately estimate the PM oxidative potential33,42−45

following inhalation-ingestion.46,47

The working definition of “bioaccessibility” is “the fraction
of a compound that is released from its matrix [to the
surrounding such as] the gastrointestinal tract, and thus
becomes available for intestinal absorption (i.e., enters the
bloodstream)”48 or for uptake by biota at the sea surface
microlayer (SML).35,49 This term includes all the mechanistic
steps that take place post inhalation-digestion and deposition
on the SML that essentially dissolve TE from PM. The final
speciation of these TE in the surrounding depends on the pH,
type, and concentration of WSOC.50 The term “bioavailability”
is “the sum of bioaccessibility and bioactivity, which refers to
the transport and biochemical processes within tissues”.48 This
term is also applicable for similar processes in micro-
organisms.36 Quantifying fully bioaccessible metals from
airborne PM is the first step for modeling the pool of
dissolved metals for health risk assessment and biogeochemical
processes in the SML,36 respectively. For example, on the
former, Schaffler et al.51 measured the total concentrations and
leaching of several potentially toxic elements that include Cu,

As, and Pb from PM collected on filters with simulated saliva,
gastric juice, and lung fluid. They found that 2.5% of Cu and
As are released in saliva (10 min, pH 6.5) compared to 26% in
gastric juice (2 h, pH <1). The highest release of Pb (77% and
61%) was in gastric juice (2 h) and lung fluid (56 h, pH 7.4),
respectively. These results highlight the dependency of the
concentrations on the chemical composition and pH of the
fluids in which the dissolution of PM is taking place in relation
to assessing health risks.
A critical look at the above studies revealed three major gaps

in knowledge: (1) the effect of atmospheric aging processes
over times that simulate long range transport (14 days,
abbreviated to 14-d onward) on the dissolution of TE from
natural and combustion sources, (2) the dissolution of TE
from natural and combustion sources in bodily fluids (saliva,
lung, and gastric) over times that simulate human exposure (10
min to 1 h), and (3) lack of results from using readily available
and fully characterized reference solid materials, which are
representative of atmospheric aerosol particles from natural
and combustion sources, using state of the art analytical
methods that address technical challenges with selectivity and
sensitivity. Our studies here aim to address these gaps of
knowledge using commercially available Arizona test dust
(AZTD) and combustion coal fly ash samples from India, the
U.S. and Europe previously characterized and studied for Fe
solubility under various atmospherically-relevant condi-
tions.52,53 While AZTD does have differences with ambient
dust samples collected in the atmosphere, it is used here as a
standard benchmark so that composition and reactivity of field
particles collected by different research groups could be
compared to it. Simulated atmospheric aging and human
exposure experiments were conducted to quantify the
dissolution of TE from the above solids. By varying the bodily
fluid exposure time, optimizing the lung fluid utilized, applying
a microwave extraction method vs a simplified hot block
digestion, and incorporating the high matrix introduction
(HMI) mode on the Agilent 7850, our studies here allow for
enhanced extraction and analysis than what has been used in
past studies. The HMI mode allows samples to be analyzed
without a need for a high dilution and thus produces more
precise results. The data below clearly show that atmospheric
aging of mineral dust and fly ash particles over 14-d under
acidic conditions is more efficient than bodily fluids in
dissolving essential micronutrient and potentially toxic TE.
As detailed in the implications section, these studies suggest

Table 1. Characterization of Sample Particles Used in Experiments

sample

specific BET
surface area
(m2 g−1)

most probable
size/diameter (μm)

and shape minerals identified from XRD data ref

AZTD 26 ± 1 2 ± 1 rock-like
(assume cube)

muscovite (33.4%), quartz (30.7%), albite (10.9%), kaolinite (9.1%), sanidine (7.8%), and calcite
(5.4%)

54

0.6 ± 0.3 rock-like muscovite (H2KAl3Si3O12), quartz (SiO2), albite (Na0.98Ca0.02Al1.02Si2.98O8), calcite (CaCO3),
kaolinite (H4Al2Si2O9), paulmooreite (Pb2As2O5), lead manganate (Pb(MnO4)), copper iron
oxide (CuFe2O4)

this
work

INFA 0.98 ± 0.03 1.21 ± 0.06 spherical mullite 53

1.3 ± 0.3 mullite (Al2.32Si0.68O4.48), quartz (SiO2), iron oxide (Fe2.811O4) this
work

USFA 1.8 ± 0.1 0.89 ± 0.08 spherical mullite 52,53

0.9 ± 0.4 spherical halite (NaCl), anhydrite (Ca(SO4)), sylvite, syn (KCl), calcite, syn (CaCO3), graphite-2H (C),
gismondine (CaAl2Si2O8.4H2O)

this
work

EUFA 2.8 ± 0.1 2.2 ± 0.2 rock-like
(assume cube)

mullite, calcium feldspars, calcite 52,53

0.2 ± 0.1 rock-like halite, syn (NaCl), anhydrite (Ca(SO4)), sylvite, syn (KCl), calcite, syn (CaCO3), graphite-2H (C),
vaterite, syn (CaCO3), cuprite (CuO), bixbyite (MnFeO3), calcium aluminum oxide (Ca3Al2O6)

this
work
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that inhaling-ingestion and deposition of aged atmospheric
particles would influence ocean biogeochemistry and pose a
larger health risk than freshly emitted ones.

■ MATERIALS AND METHODS
Chemicals. All chemicals were used as received without

further purification. Table 1 lists the solids received from Prof.
Juan Navea, who characterized these particles for specific
Brunauer−Emmett−Teller (BET) surface area using N2 gas as
an adsorbent, most probable size and shape, and mineralogy in
earlier publications.52−54 In our studies, electron microscopy
images, elemental mapping spectra, and micro X-ray diffraction
spectra were collected at the Canadian Centre for Electron
Microscopy and the MAX Diffraction Facility located at
McMaster University for size, shape, spatial distribution, and
crystalline phases of the elements studied here. More details on
the solids characterization, sources, purity, physical properties
of the organics, and description of solution preparation are
provided in the Supporting Information (SI) and Table S1.

Simulated Atmospheric Aging Experiments. Sixty
samples (divided into five sets) were prepared using four
different mediums; one set contained 1 g L−1 AZTD, three sets
were composed of 1 g L−1 fly ash slurry (INFA, USFA, or
EUFA), , and one control set containing Milli-Q water (18.2
MΩ·cm). Comparisons between the absence of organics versus
the presence of catechol or oxalic acid were observed over the
course of a 14-d dark reaction simulation. These organics were
chosen as the simplest proxies for reactive phenolic
compounds and dicarboxylic acidscommonly detected in
WSOC. Both organics promote surface-catalyzed reactions,
including abiotic oxidative polymerization and dissolution of
TE, respectively. The final concentration of each organic was 1

mM. Detailed calculations on the atmospheric relevance of this
concentration for deliquesced aerosols are provided in the SI.
Diluted hydrochloric acid (HCl, 6 M, Ricca Chemical
Company) was used to obtain the desired pH ranging from
pH 1−9. This pH range is atmospherically relevant because it
covers aerosol pH for highly acidic and processed aerosol
liquid water, near neutral cloud/fog water, and basic adsorbed
water on freshly emitted mineral dust particles.19,28 The pH of
the slurries was measured as a function of time over the 14-d
period. At the end of the experiment on day 14, the slurries
were filtered using 0.2 μm nylon filters and the filtrates were
analyzed using ICP-MS for the level of TE. Additional details
are provided in Figure S1 and the SI.

Simulated Human Exposure Experiments. Three
different simulated lung fluids were tested with AZTD in
order to optimize results: the Beauchemin lab fluid,51 Gamble
fluid,55 and an in-house modified Hatch fluid. Subsequent
bioaccessibility experiments were conducted on USFA and
INFA, in which samples were subjected to timed trials, and
supernatants were collected after centrifugation. Separate
experiments were conducted on all samples with varying
exposure times to artificial saliva and gastric juice.56 Microwave
digestion was used to treat any remaining residue in all
experiments. More details are provided in Table S2, Figures
S2−S4, and the SI.

Elemental Analysis Using ICP-MS. To determine the
maximum TE content in the solids listed in Table 1, samples
were analyzed at ALS Global using ICP-MS per EPA method
6020B (mod)57 following sample preparation with strong acid
(HNO3/HCl) extraction according to EPA method 200.2
(mod).58 For the simulated atmospheric aging and human
exposure experiments, the dissolved metal content was

Figure 1. Scanning transmission electron microscopy (STEM) images of the solids used in our studies with elemental mapping. The percentages
listed are % mass fraction are from the quantification of the elements in the energy dispersive X-ray spectroscopy (EDS) maps, where the software
was carefully calibrated with standard samples.
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determined using an Agilent 7850 ICP-MS instrument
equipped with High Matrix Introduction (HMI) mode and a
Helium collision cell for all metals analysis. Samples were
diluted and filtered prior to analysis using 0.45 μm poly-
(tetrafluoroethylene) (PTFE) syringe filters. Matrix-matched
external calibration was utilized, and a multielemental
calibration curve was created spanning from 0.1 ppb to 1
ppm for all metals studied (Inorganic Ventures). More details
are provided in Table S3 and the SI.

■ RESULTS AND DISCUSSION
1. Trace Element Distribution in the Solids and

Dissolvable Amounts from Strong Acid Extraction
Methods. Elemental maps of the solids used here in relation
to particles’ sizes and shapes are shown in Figure 1. The
particle shape, which is described in Table 1, agrees with those
of previous studies. The trend in the size distribution of the fly
ash samples agrees better with the trend in surface area values,
where the smallest size distribution of 0.2 ± 0.1 μm for EUFA
resulted in 2.8 ± 0.1 m2 g−1 compared to the larger size
distribution of 1.3 ± 0.3 μm for INFA with 0.98 ± 0.03 m2 g−1.
Results from micro-XRD measurements are also listed in Table
1. We specifically looked for solid phases containing the
elements in this study. For AZTD, paulmooreite (Pb2As2O5),
lead manganate (Pb(MnO4)), and copper iron oxide
(CuFe2O4) were identified as potential phases in addition to
the clays identified in previous studies. The XRD spectrum for
INFA showed the potential presence of iron oxide (Fe2.811O4).
There were no additional peaks left to match with additional
phases to account for the presence of Cu, Mn, As, and Pb. The
USFA and EUFA spectra showed the potential presence of
phases containing Na, K, Cl, Ca, S and graphite, which were
not reported earlier. The spectrum for EUFA had peaks that
matched cuprite (CuO) and bixbyite (MnFeO3).
The distribution of Fe, Cu, Mn, and Pb in the AZTD and

EUFA particles appears less uniform compared to INFA and
USFA. The signal from As is too low relative to the
background due to trace amounts. The images also showed
no colocation of Fe with either Cu or Mn in AZTD, and some
colocation between Fe and Mn, and between As and Pb for
EUFA. All of the elements shown in Figure 1 appear collocated
in the INFA and USFA particles, especially the largest size

ones for the latter. The percentage mass fraction for each
element in Figure 1 shows that Fe is the major TE in AZTD,
INFA, and USFA (greater than 85%), followed by Cu and Mn
with similar levels between 1 and 6%, then Pb between 1 and
2.5%. Fe mass fraction in EUFA is lower than the other solid at
49% followed by Cu and Pb at 25 and 24%, respectively, then
Mn at 2.6%. These elemental mass fractions in the solids are
useful for comparison with the values obtained from strong
acid extraction.
Figure 2a shows selected weight percentages of the top three

dissolved TE (DTE) by mass in AZTD, INFA, USFA, and
EUFA, namely, Fe, Cu, and Mn following extraction in strong
acids such as HNO3 and HCl used in the determination of
total trace metal content in solids by ICP-MS per EPA method
6020B (mod).57 This experimental procedure aims to
solubilize most of the metals in the solid matrix. These
percentages were calculated according to eq 1:

=
[ ]

·_%DTE
TE(aq) ( g g )

10 g g
100acid extr

1

6 1
(1)

The mass-normalized data in Figure 2a show that Fe levels
are about 1−2 orders of magnitude higher than those of Cu
and Mn depending on the solid. The levels of Mn are higher by
1 order of magnitude than Cu in AZTD and INFA, whereas
the levels of both elements are similar for USFA and EUFA.
Similar data for As and Pb are shown in Figure S5, where both
elements are below 0.01% (w/w) for AZTD, INFA, and USFA.
In the case of EUFA, Pb and As levels are about 0.4% and
0.005% (w/w), two- and five-orders of magnitude higher than
other solids.
The dissolved amounts of the TE normalized to the BET

surface areas (DTESA) is shown in Figure 2b. These amounts
were calculated according to eq 2:

= [ ]
·

·DTE (g m )
TE(aq) ( g g )

specific BET area of particles (m g ) 10 g g
100SA

2
1

2 1 6 1

(2)

For each solid, the values of DTESA show that the Fe content is
1−2 orders of magnitude higher than Cu and Mn, followed by
Pb and As. Similar trends were also obtained when the % mass
fraction of each TE in Figure 1 was normalized to the BET
surface area. The normalization of the trace element content to

Figure 2. Amount of dissolved transition metals Fe, Cu, and Mn solubilized from the strong acid extraction per EPA method 6020B (mod)
expressed as (a) percentage relative to the total solid mass of the respective material according to eq 1 and (b) normalized to the BET surface area
of the respective material according to eq 2. The raw data are listed in Table S4.
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surface area shows that AZTD, with the highest measured BET
surface area, did not produce the highest dissolvable amounts
of the TE compared to the fly ash samples. This result
emphasizes that the rate of dissolution in the strong acid
extraction procedure is affected to a higher degree by the
mineralogy, morphology, and density of defects than surface
area only, as shown in a number of studies for Fe.16,59,60

Within the fly ash samples, there are negative linear trends for
DTESA with increasing surface area for Fe and Mn, and positive
linear trends for Cu, Pb, and As. These results clearly show the
differences in the dissolution mechanisms of metal oxides in fly
ash samples despite the same experimental conditions, which
needs further investigation to disentangle the role of surface
area from the roles of mineralogy and surface defects.61 The
following section describes results from simulated dark
atmospheric aging experiments as a function of pH without
and with catechol and oxalic acid as proxies for reactive
WSOC.

2. Soluble Trace Metal Content from Simulated
Atmospheric Aerosol Aging Experiments. As stated in
the introduction, dark processing of mineral dust and fly ash
particles takes place in the atmosphere due to the uptake of
acidic gases such as hydrochloric and nitric acids, reactive
dicarboxylic acids, and phenolic compounds. These organic
compounds are commonly detected in WSOC and result in
promoting surface-catalyzed reactions, including dissolution of
TE. Figures S6 and S7 show digital images of the control and

reaction vials at starting pH 1 and 7 for days 0 and 14 along
with the final pH. These images show qualitative changes in
the color of the slurries relative to the control vial in the
absence of the particles. One of the main two observations
from these figures is that reaction vials containing catechol are
relatively darker in color on day 14 compared to those with no
organics and those with oxalic acid. The most dramatic change
observed for USFA was for samples starting at pH 1 and all
slurries starting at pH 7. This darkening in color was observed
previously for AZTD due to the Fe-catalyzed oxidative
polymerization of catechol that leads to the formation of
polycatechol.54 Due to the presence of Fe in the fly ash
samples used here at levels comparable to those in AZTD,
similar surface chemistry is taking place with catechol. In the
control vial with no dust or fly ash particles, catechol
undergoes auto-oxidation in the presence of dissolved oxygen
at a much slower rate than in the presence of Fe.62,63

The second main observation from the images in Figures S6
and S7 is the change in the measured bulk pH for the control
and slurry vials on day 14 of the simulated atmospheric aging
experiments. Figure S8 tracks the pH change as a function of
time during the 14-d period. While the pH values changed by
±0.1−0.3 for the starting pH 1, as shown in Figures S6 and S7,
the pH change was much higher, ranging from 3 to 10.6 for the
starting pH 7, depending on the sample. The slurries of USFA
and EUFA with no organics resulted in higher pH values by
two to three units on day 14, from 7 to 10.6 and 8.6,

Figure 3. Concentration of dissolved Fe (top), Cu (middle), and Mn (bottom) in ppm (mg L−1) after a 14-d simulated atmospheric aging
experiment of each respective material as a function of pH, in the absence and presence of soluble organic catechol (Cat) and oxalic acid/oxalate
(Ox). The “*” denotes omission of data due to instrumental issues that affected the raw data. Grids with no data indicate that numbers were below
the detection limit.

ACS ES&T Air pubs.acs.org/estair Article

https://doi.org/10.1021/acsestair.3c00006
ACS EST Air 2024, 1, 5−15

9

https://pubs.acs.org/doi/suppl/10.1021/acsestair.3c00006/suppl_file/ea3c00006_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.3c00006/suppl_file/ea3c00006_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.3c00006/suppl_file/ea3c00006_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.3c00006/suppl_file/ea3c00006_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.3c00006/suppl_file/ea3c00006_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestair.3c00006?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.3c00006?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.3c00006?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.3c00006?fig=fig3&ref=pdf
pubs.acs.org/estair?ref=pdf
https://doi.org/10.1021/acsestair.3c00006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


respectively. This is due to the higher percentages of basic
metal oxides such as CaO and MgO in these fly ash samples
compared to those of AZTD and INFA. Table S5 lists the
percentages of Ca and Mg to Al from the strong acid extraction
and atmospheric aging experiments at pH 1 and 7. There are
statistically significant higher amounts of Ca and Mg in the
USFA and EUFA compared to AZTD and INFA by factors
ranging from 2 to 6 under acidic and neutral experimental
conditions. This observation underscores the importance of
studying surface reactions of atmospheric relevance under
basic bulk pH. The pH of the reaction slurry vials containing
catechol was lower by two units relative to that of the control
slurries with no catechol. This is because the aqueous
phase62,63 and surface-catalyzed oxidative polymerization of
catechol54 releases protons to the solution that lower the bulk
pH. For the reaction vials containing oxalic acid, the pH
change was between 1 and 2 units higher than the starting pH,
likely due to ligand exchange with surface hydroxyl groups
during the inner-sphere complexation of oxalate.
In addition, Figures 3 and S9 show the concentrations of

dissolved Fe, Cu, Mn, As, and Pb at the end of the simulated
dark atmospheric aging experiments of AZTD, INFA, USFA,
and EUFA as a function of pH in the absence and presence of
organics. There is a clear nonlinear pH dependence on the
level of the TE, with the highest dissolved amounts at pH 1
and then pH 3 for Fe, Mn, As, and Pb. The trend is reversed
for Cu, where the highest dissolved amounts were observed at
pH 3 then at pH 1. The concentration values shown in Figures
3 and S9 were converted to percentages of dissolved TE
relative to the dissolvable fraction using strong acid extraction
according to eq 3:

= [ ] ·
·[ ]

·
_

%DTE
TE(aq) (mg L ) vol of slurry (L)

amt of particles in slurry (g) TE(aq) ( g g )
100

1

acid extr
1

(3)

Figures 4 and S10 show the variability in %DTE for selected
acidic conditions, control (no organics), and reacted with
catechol and oxalic acid for the dust and fly ash samples
studied here. Identical results were obtained when multiplying
the numerator and dominator by the specific BET surface area
of each solid. Hence, the calculation of %DTE accounts for the
surface area effects. Within the uncertainty of the measure-
ments, the %DFe levels in Figure 4 are highest for EUFA at pH
1 without and with oxalic acid. For AZTD, the %DFe levels are
statistically similar. In the case of INFA, the average data in

Figure 3b show that DFe is about 21 ± 7 ppm for R-Ox pH 1
compared to 16 ± 7 ppm for C-pH 1, which is equivalent to a
%DFe of 81 ± 20 and 63 ± 16%, respectively. This result
highlights the role of oxalate in promoting iron oxide
dissolution under acidic conditions. Data for USFA at pH 1
are shown only with catechol and oxalic acid because analysis
of control samples with no organics was irreproducible due to
instrumental issues.
At pH 1, the speciation of aqueous oxalic acid is 50%

H2C2O4 and 50% HC2O4
‑, whereas at pH 3, it is about 85%

HC2O4
− and 10% C2O4

2−.64 The increase in the concentration
of singly and doubly deprotonated oxalate species increases the
importance of ligand-promoted dissolution relative to that of
the control with no oxalic acid. For example, the data in Figure
3a for AZTD show that DFe is about 4 ± 3 ppm for R-Ox pH
3 compared to 1 ppm for C-pH3, which is equivalent to %DFe
of 12 ± 3 and 3%, respectively. These results highlighting
oxalate-promoted dissolution of iron oxides are similar to those
reported by Paris and Desboeufs65 for Niger dust at pH 4.7
after 60 min, and Chen and Grassian59 for AZTD at pH 2 as a
function of time up to 45 h. The %DFe values for AZTD and
INFA are statistically lower than EUFA at pH 1 with no
organics. All fly ash samples showed a major reduction in %
DFe at pH 3 compared to pH 1 under our experimental
conditions without and with organics, which made it hard to
discern the role of oxalate relative to the control. While Chen
and Grassian59 reported dark oxalate-promoted dissolution of
iron oxides in fly ash samples at pH 2 over 45 h, several
experimental differences contribute to the apparent discrep-
ancy between our results here and theirs. These differences
include pH (1 and 3 compared to 2), solid loading (1 g L−1

compared to 2 g L−1), and oxalate concentration (1 mM
compared to 11.7 mM). The relatively higher fly ash loading
and oxalate concentration would nonlinearly increase the
dissolution rate and hence amplify the role of oxalate under
acidic conditions. The presence of catechol drastically reduced
%DFe at pH 3 for all of the solids studied, with AZTD and
INFA showing higher average %DFe (and hence reactivity)
than the rest of the solids.
For %DCu, the acidic conditions of the simulated

atmospheric aging resulted in about 50-75% average relative
to the dissolvable fraction using strong acid extraction. Within
the uncertainty of the measurements, AZTD and EUFA
showed the highest values of %DCu followed by USFA and
INFA. The data do not show an effect for catechol and oxalic

Figure 4. Amount of dissolved transition metals Fe, Cu, and Mn after 14-d simulated atmospheric aging experiments, expressed as a percentage
relative to the respective dissolved metals from the strong acid extraction of each respective material according to eq 3. The “*” denotes omission of
data due to instrumental issues that affected raw values.
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acid at pH 1 on the %DCu values. On the other hand, the
acidic conditions of the simulated atmospheric aging without
and with oxalic acid at pH 1 resulted in %DMn near 100% for
the dust and fly ash samples studied here, except USFA for
which data are not available. Within the uncertainty of the
measurements, the presence of catechol resulted in lower %
DMn at pH 3. These results show that for the top three
transition metals in dust and fly ash samples, most of the
dissolvable fraction of Fe and Mn becomes part of highly acidic
atmospheric aerosol water without and with oxalic acid
compared with nearly half of the dissolvable Cu. Also, catechol
appears to lower the levels of dissolved Fe in acidic
atmospheric aerosol water to a higher degree than that of
Mn and Cu.
Furthermore, Figure S10 shows selected %DAs and %DPb at

the end of the 14-d simulated atmospheric aging experiment
under acidic conditions without and with organics. Within the
uncertainty of the measurements, these experimental con-
ditions resulted in releasing nearly 100% of dissolvable As from
INFA and EUFA samples, compared to nearly 50% from
AZTD and USFA samples at pH 1 without and with oxalic
acid. The presence of catechol at pH 3 resulted in statistically
lower %DAs compared to oxalic acid and no organics, with
INFA releasing nearly 50% of the dissolvable As. In the case of
%DPb, the data in Figure S10 show that for AZTD at pH 1
with no organics, an average of 60−70% of dissolvable Pb is
present in the aqueous phase compared to nearly 100% in the
presence of catechol and about 25% in the presence of oxalic
acid. While EUFA has the highest Pb content on a per mass
basis as shown in Figure S5, nearly 70% of that amount is
dissolvable under simulated atmospheric aging conditions.
Data for USFA show statistically lower %DPb with EUFA at
pH 3 with catechol and oxalate. A statistically significant
difference is apparent among the solids at pH 3 with catechol,
with AZTD and INFA, showing nearly 2−3× higher %DPb

than USFA and EUFA. This difference highlights the role of
ligand-promoted dissolution under acidic conditions, indicat-
ing higher preferences for the complexation of catechol with
Pb on surface sites in AZTD and INFA than in USFA and
EUFA. Theoretical calculations showed that the most stable
aqueous phase complex between Pb and catechol is a
monodentate complex with a monodeprotonated ligand:
[Pb(Hcat)(H2O)4]+mono.

66 This higher preference might be
due to a higher density of defect sites containing Pb in the case
of the former two solids. In summary, the results in this section
clearly show that simulated atmospheric aging conditions,
particularly in the pH range 1−7, lead to the dissolution of
reactive TE with relatively high amounts compared with the
maximum dissolvable fraction from strong acid extraction
procedures. The data in this section under dark conditions
simulate atmospherically relevant night-time chemistry. Acid-
promoted dissolution under dark conditions appears to
dominate ligand-promoted dissolution by oxalic acid. On the
other hand, the presence of catechol not only changes the
optical properties of the dust and fly ash slurries under acidic
conditions due to its redox reactivity with Fe, but also lowers
the relative amount of dissolvable Fe, Mn, and As. For
comparison with data above, the following section presents
data on the dissolution of the “fresh” solids studied here in
simulated bodily fluids.

3. Soluble Trace Element Content from Simulated
Human Exposure Experiments. As stated in the In-
troduction, several analytical methods are used in the literature
to quantify levels of TE extracted in simulated bodily fluids to
assess health impacts upon human exposure to atmospheric
particles. The efficiency of metal extraction in simulated bodily
fluids is generally lower than that in the strong acid extraction
procedure described earlier. Here, five methods that cover
saliva, gastric, and lung fluids were optimized for measuring the
concentrations of Fe, Cu, Mn, As, and Pb (see SI for details).

Figure 5. Amount of dissolved transition metals Fe, Cu, and Mn after extraction experiments in bodily fluids specified along the x-axis: (upper)
after normalization to the BET surface of each respective material according to eq 2, and (lower) relative to the respective dissolved metal from the
strong acid extraction listed in Table S4 according to eq 4.
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Figures 5 and S11 show the levels of transition metals extracted
from the dust and fly ash samples used here in simulated saliva,
lung, and gastric fluids using times that mimic human
exposures for 5, 10, and 1 h, respectively. The top panels in
Figures 5 and S11 show data normalized to the specific BET
surface area of each solid according to eq 2. The bottom panels
show the percentages of each element relative to the respective
dissolvable element fraction from the strong acid extraction
listed in Table S4 according to eq 4:

=
[ ]

[ ]
·

_
%DTE

TE(aq) ( g g )
TE(aq) ( g g )

100
1

acid extr
1

(4)

These data clearly show that the dissolution of fly ash
samples over the simulated exposure times in bodily fluids
produced higher Fe, Cu, Mn and Pb than AZTD by at least
one order of magnitude. The %DAs in the lower panel of
Figure S11 show comparable levels between the AZTD and the
fly ash samples, between 5−12%, in the saliva and gastric fluids.
In the case of %DPb, the USFA released the highest amount
(∼13%), followed by EUFA (10%) and INFA (6%) in the 1 h
gastric juice, whereas below 1% from the EUFA was dissolved
in the Gamble lung fluids compared with none from the INFA
and USFA.
As mentioned earlier, residues for all matrices were further

digested using microwave digestion. When total concentrations
were compared with the summation of the bodily fluid and its
respective residue, mass balance was obtained. This means that
there was no loss of analyte in the process with the
optimization conducted in this study. The pH of saliva and
lung fluids is close to neutral (pH of 6.4 and 7.4, respectively)
compared to a much more acidic gastric juice (pH of 1.2).
Hence, it is not surprising that with an extended extraction and
low pH, the majority of TE are found in gastric juice. Still, a
greater extraction is seen through the strong acid extraction,
with only a fraction being comparable to what is leached by the
gastric juice. Bioaccessibility utilizes complex solutions and
attempts to determine a larger risk associated with human
health. While our optimized procedure here does a great job of
showing extractions occurring in every single fluid, it is
important to further consider the properties of the samples
themselves.

■ ATMOSPHERIC SIGNIFICANCE
Our novel studies showed higher percentages of dissolved TE
from atmospheric aging of mineral dust and fly ash particles
over 14-d under acidic conditions than in bodily fluids of
unreacted particles. These results are significant because they
underscore the importance of TE contributions to aerosol
multiphase chemistry, health impacts, and ocean biogeochem-
istry. At the present time, atmospheric aging and human
exposure experiments are performed by different research
groups and communities that use different materials and do
not necessarily interact with each other. Because inhalable
atmospheric particles could be freshly emitted or aged, our
systematic studies couple atmospheric aging with human
exposure experiments using fully characterized reference solid
materials, which are representative of atmospheric aerosol
particles from natural and combustion sources. The minimum
parameters needed as input for environmental and bioacces-
sibility models are the dissolved concentrations of TE in
environmental waters and bodily fluids relative to the
maximum dissolvable amounts under strong acid extraction

over relevant time scales and in the presence of WSOC. These
models include atmospheric chemistry, global climate,
bioaccessibility prediction, health risk assessment, and global
oceans. In agreement with earlier published studies cited
above, our results show that aging processes over a wide pH
range without and with WSOC affect the dissolution of
atmospheric particles from natural and combustion sources
and increase levels of dissolved TE, particularly under acidic
conditions. The dissolved TE in atmospheric waters, from
acidic to basic, can catalyze several reactions that change the
physicochemical properties of aerosols and droplets with
impacts on radiative forcing and cloud and ice nucleation. In
addition, inhalation-ingestion of aged and acidic atmospheric
particles would contribute potentially more toxic bioaccessible
TE Cu, As, and Pb. A likely scenario that highlights this point
is a child playing in a local park and being exposed to airborne
or deposited dust during playtime. Therefore, it is important to
understand and accurately quantify what the exposure risk
might be and how impactful or problematic it would be over an
extended period. Lastly, the deposition of aged atmospheric
particles would likely influence ocean biogeochemistry to a
larger extent than freshly emitted ones because they would
contribute more dissolved (and very likely more labile)
essential micronutrients Fe and Mn and toxicants Cu, As,
and Pb to phytoplankton in the SML. The experimental
methods and data analyses presented here could serve as
benchmarks for future experiments using other lab- and field-
collected particles in environmental and bodily fluids. These
new experiments need to explore (1) the role of sunlight and
ionic strength in atmospheric aging of these particles over the
same time frames, (2) the oxidative potential of aged
atmospheric particles, and (3) changes to aqueous phase
speciation and nanoparticle formation due to changes in
WSOC and pH with time to simulate out- and in-cloud
processing and ocean water.
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Detailed materials and methods, additional figures
showing raw data, comparison of extraction method on
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function of time during the atmospheric aging experi-
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dissolved trace element (DTE) content from strong acid
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