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Environmental Implication

This study demonstrated the abundance and elemental makeup of metal(loid) incidental

oNOYTULT D WN =

nanomaterials (INMs) in wildland-urban interface (WUI) fire ashes. The identified INMs include single
10 metal INMs such as Al, Ba, Cr, Cu, Ti, Pb, and Zn, as well as multi-metal(loid) INMs such as CuCrQO,,
CuCr,04, CrAsO, and SnSbPb alloys. The identification of these INM phases and transformations have
important implications for the impacts of WUI fires on the biogeochemical cycling of metals and

17 environmental and human health.
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Abstract

This study investigates the abundance and elemental composition of metal(loid) incidental
nanomaterials (INMs) in wildland-urban interface (WUI) fire ashes from different sources, including
vegetation, structures, and vehicles, collected following the 2020 LNU (the Sonoma-Lake-Napa unit)
Lightning Complex Fire in California. Particle number concentrations, elemental compositions and ratios,
and size distributions were determined by single particle inductively coupled plasma-time of flight-mass
spectrometry (SP-ICP-TOF-MS) coupled with automated two-stage hierarchical clustering analysis. Iron-
and Mn-bearing INMs accounted for >80% of INMs detected in vegetation and atmospheric deposition
ashes but they represented <50% of all INMs in structural and vehicle ashes. Together, Al, Ba, Cr, Cu, Ti,
Pb, and Zn-bearing INMs accounted for 45 to 75% of all INMs in structural and vehicle ashes and 7 to
13% in vegetation and atmospheric deposition ashes. The sizes of INMs varied between a few tens to a
few hundreds of nanometers with larger Ba, Cr, Fe, Ti, Pb, and Zn-bearing INMs in structural and
vehicles ashes than in vegetation ashes. Several types of multi-element INMs were identified by SP-ICP-
TOF-MS including chromated-copper-arsenate-related NMs (e.g., CuCrO,, CuCr,04 CrAsO,); CuSn and
CuPb alloys; SnPb, SbPb, and SnSb alloys; and CoAl alloys. Overall, this study demonstrates the
abundance and elemental makeup of various metal(loid) INMs in WUI fire ashes. This study highlights t
research opportunities into the discovery, transformation, reactivity, fate, and effects of INMs during and

following WUI fires.
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1. Introduction

Wildland-urban interface (WUI) fires are currently receiving global attention due to increases in fire
frequency, size, and severity.'-? In addition, the spread of fires into the built environment results in
increased emissions of different classes of contaminants of emerging concern,®# many of which remain
unknown and have the potential to threaten environmental and human health. In recent years, wildfires
have become increasingly destructive in the western United States due to rising temperatures from climate
change, a prevalence of fuels due to long-term fire suppression, and an increased population living in
proximity to wildland vegetation.’® For instance, the area burned by wildfires across the United States
increased from 1.3 million acres in 1983 to 7.1 million acres in 2021, with the 2020 fire season
consuming a record 10.1 million acres of wildland.® Additionally, the number of structures burned in
WUI fires has increased from around 5,200 structures, including 3,500 houses in 2011, to 18,000
structures, including 9,600 houses in 2020 (approximate increases of 246% for structures and 174% for
houses burned in 10 years).>°

Fire activity at the WUI and the associated contaminant release and environmental and human health
impacts are projected to increase globally due to climate and societal changes, increasing the need to
improve understanding of the impacts of wildfires.!% !! For instance, several studies have demonstrated
the release of various classes of contaminants as a result of WUI fires, including pyrogenic carbon,
polycyclic aromatic hydrocarbons, polychlorinated dioxins and furans, volatile organic compounds,
metals, metalloids, environmentally persistent free radicals, nutrients, and other contaminants.'1¢
However, to date, information on the formation, release, concentrations, and properties of metal(loid)
incidental nanomaterials (INMs, unintentionally formed materials resulting from direct or indirect human
influence consisting of solid particles where at least 50% of these particles in the number size distribution
are in the size range of 1 to 100 nm!'?) as a result of WUI fire remain scarce.'$-2

The nature and concentration of metal(loid)s in wildfire ash have been well studied 2!-2°. However,
less is known about the nature and concentrations of metal(loid)s in WUI fire ash which are heavily
influenced by anthropogenic materials used in the urban environment. A few studies investigated metal

3
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concentrations in WUI fire ashes!$-2%:26, soils impacted by WUI fires!®:27-28 and streams following WUI
fires®. These studies demonstrated higher levels of metal(loid)s in structural and vehicle ash compared to
vegetation ash!®:26:30.31 "higher concentration of metal(loid)s in structural ash compared to
uncontaminated soils 27, and higher levels of some metals (e.g., Zn, Cu, Cr, and Pb) in soils in burned
residential properties compared to those in soils in non-burned residential properties and compared to
those in burned non-residential (grassland) areas?®. Metals in WUI fire ash has also been shown to
contribute to up to 200-fold increase in metal concentrations in streams receiving runoff from burned
areas compared to streams receiving runoff from unbummed areas ?. These studies focused on
quantifying metal concentrations in WUI fire ash, soils, and streams impacted by WUI fires and did not
investigate the form in which metal(loid)s occur in these environmental media. Our recent studies of WUI
fire ashes demonstrated that metal(loid)s occurs dominantly in the form of INMs in ashes, including Ti,
Fe, Zn, Cr, As-oxides, CuCr,0,, CuCrO,, CrAsO,, Cr,As40;,, and CrCuAs.'#20 The Ti, Fe, Zn, and Cr-
particles were identified by transmission electron microscopy coupled with energy dispersive X-ray
spectroscopy (TEM-EDS)'® in samples enriched with these elements. Other INMs could be present in
WUI fire ash at much lower frequency than the dominant/major INM s, making impossible to identify
such particles by TEM-EDS. Additionally, pragmatically, a few particles are typically measured by TEM-
EDS due to time and cost limitations. Chromium, As, CuCr,0,4, CuCrO,, CrAsQO,, Cr,As;0,,, and
CrCuAs phases were identified using (single particle)-inductively coupled plasma-time of flight-mass
spectroscopy ((SP)-ICP-TOF-MS) in three green WUI fire ashes which were suspected to originate from
chromated copper arsenate treated wood'®.

This study aims to investigate the concentrations, elemental makeup, and size distribution of INMs at
the single particle level in WUI fire ashes derived from different fuel sources, including vegetation,
structure, vehicle, and atmospheric deposition using SP-ICP-TOF-MS. We hypothesize that
nanomaterials in WUI fire ashes derived from different fuel sources display distinct elemental
composition and fingerprints with structural and vehicle ashes being more enriched in anthropogenic INM
compared to vegetation ashes. To this end, nine ash samples —including two vegetation, one atmospheric

4
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deposition, three structural, and three vehicle or mixed vehicle/structural ashes— were selected as
representative of members of ash generated at the WUI fires. The bulk elemental composition of the ashes
was determined using ICP-TOF-MS following microwave-assisted acid digestion. The multi-element
single particle compositions and size distributions of INMs were determined by SP-ICP-TOF-MS with
the aim to demonstrate the method capability to identify minor INM phases that cannot be determined by
TEM-EDS due to their low frequency relative to the more dominant phases such as Al, Fe, and Ti. SP-
ICP-TOF-MS measures the multi-elemental composition of thousands of particles within a short period of
time overcoming the statistical limitations posed by the few number of particles that can be pragmatically

analyzed by TE-EDS. .

2. Materials and Methods
2.1. Study Site

Ash samples were collected from burned vegetations, structures, and vehicles within the area of the
LNU Lightning Complex Fire (Sonoma-Lake-Napa unit) in California during October 7-16, 2020 (Table
S1, Figures S1).!%-20 This fire burned 1,470 km? and destroyed 1,491 structures in Colusa, Lake, Napa,
Sonoma, Solano, and Yolo Counties, approximately 60 km west of Sacramento, between August 17 and
October 2, 2020 (Figure S1). Within the fire perimeter, the distribution of burn severity was 12% low,
39% moderate, and 49% high 2. Land use in the fire perimeter consisted of 57% shrub/scrub, 19%
herbaceous, 12% evergreen forest, and 1.4% developed. Two ash samples (A1l and A2) were collected
from burned vegetation in forested areas far away from any human-made structures minimizing the
potential contribution of structural and vehicle ashes to the vegetation ashes. Three ash samples were
collected from specific locations within burned residential structures (A4, AS, and A6) and three ash
samples were collected from near or underneath burned vehicles or vehicle / tool storage areas (A7, A8,
and A9, Table S1), minimizing the potential contribution of vegetation ashes to the collected structural
and vehicle ashes. In addition, a sample of air-fall ash (A3) was collected from a car’s windshield during
the 2019 fire season near the North Complex Fire area.'®:2* The primary source of the atmospheric air-fall

5
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ash was dominantly combustion of biomass. Ash samples were collected with disposable plastic scoops
and placed into zippered plastic bags. All samples were collected prior to any rain or other precipitation to
avoid sample alteration and losses by the rain. All ashes were homogenized using a ceramic mortar and a
ceramic pestle and sieved using a 10-mesh (2 mm pore size) nylon sieve (Zhangxing Instrument,
Hangzhou, Zhejiang, China) to remove large debris. The sieved samples were stored in 250 mL acid-
washed high-density polyethylene (HDPE) bottles in a —20 °C freezer before further treatment.
2.2. Metal(loid) and Nanomaterial Analysis

The bulk metal(loid) concentrations in the fire ash were determined using ICP-TOF-MS following
microwave assisted acid digestion as performed elsewhere '8 and summarized in the supplementary
information (SI). Nanomaterials were extracted from ash using cloud point extraction following the
protocol described in the SI. The extracted nanomaterials were bath sonicated for 15 min and were diluted
by a factor of 100,000 prior to SP-ICP-TOF-MS analysis to avoid coincidence and eliminate dissolved
background. The elemental particle composition at the individual particle level was determined by SP-
ICP-TOF-MS (TOFWERK, Thun, Switzerland).!®- 3% 33 Briefly, INM suspensions were introduced into the
ICP with a 2DX autosampler (Element Scientific, Omaha, Nebraska, USA) and a MicroMist U-series
Nebulizer (Thermo Scientific, Waltham, Massachusetts, USA) connected via a Quartz Cyclonic Spray
Chamber (Meinhard, Golden, Colorado, USA) to the injector of the ICP torch. The instrument operating
parameters and the monitored isotopes are summarized in Tables S2 and S3, respectively. Element
specific instrument sensitivities were measured with a series of multi-element solutions prepared from a
mixed multi-element ICP certified reference standard (0, 1, 2, 5, and 10 pgL-! multi-element standard,
diluted in 1% HNO,;, BDH Chemicals, Radnor, Pennsylvania, USA). The transport efficiency was
calculated via the known size method using a 60-nm Au nanoparticles national institute standard and
technology standard reference materials (NIST SRM 8013, Gaithersburg, Maryland, USA) and a series of
ionic Au standards (BDH Chemicals, West Chester, Pennsylvania, USA) 34. A 4.5% H,/He gas mixture
was used as collision gas to eliminate/minimize interferences and was optimized for *°Fe* and 28Si*

signals. All data processing, including signal thresholding (Poisson algorithm %) and split event
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correction, was performed using Tofpilot (Version 2.9, TOFWERK, Thun, Switzerland). The sample-
specific mass and size detection limits were calculated according to according to the Poisson distribution
using the background signal within each sample and are summarized in Table S3. The mass and size
detection limit of each element varied within a narrow range between the different samples due to the
significant dilution (100,000 folds) of the samples. All samples and ultrapure water blanks were analyzed
in triplicate, and data were acquired for 200 s for each replicate. After verifying the reproducibility of the
single particle elemental composition and number concentrations among the replicates the three replicates
were combined to achieve comprehensive analysis due to limited detection events of certain elements.
2.3. Clustering analysis of multi-metal(loid) nanomaterials

The detected nanomaterials (NMs) were classified into single- and multi-metal(loid) nanomaterials
(smNMs and mmNMs, respectively). The mmNMs were further classified into clusters of mmNMs of
similar elemental composition using two-stage (e.g., intra- and inter-sample) automated agglomerative
hierarchical clustering analysis performed in MATLAB as described elsewhere.3? 33 3¢ Intra-sample
clustering was performed on all metal(loid) masses in each NM using average correlation distance to
generate clusters that best account for variance in NM composition in each sample. The generated clusters
were grouped into major clusters using an optimal distance cutoff. A cluster representative was determined
for each major cluster as the mean of metal(loid) mass in individual NMs within each cluster accounting
for all elements that occurred in at least 5% of NMs within the cluster. The mean intra-sample cluster
composition was determined as the mean of metal(loid) mass fraction in all NMs in the cluster and was
compared across samples. Inter-sample clustering was performed on the major cluster representatives
identified in the intra-sample clustering to group/cluster the similar NM major clusters identified in the
different samples. Major/similar clusters were identified using an optimal cutoff which was determined by
maximizing the mean silhouette score for each sample. The silhouette score is a measure of how similar a
NM is to its own cluster (cohesion) compared to other clusters (separation).>” Thus, silhouette coefficient
provides a measure of how well each NM has been classified.’” The silhouette score ranges from —1 to
+1, where a high value indicates that a NM is well matched to its own cluster and poorly matched to

7
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neighboring clusters (far away from the neighboring clusters). In contrast, 0 indicates that a NM is on or
very close to the decision boundary between two neighboring clusters. A negative value indicates that a
NM might have been assigned to the wrong cluster. For the first stage hierarchical clustering, major
clusters were determined for a range of distance cutoff from 0.3 to 0.9 with an increment of 0.05. Then,
the mean silhouette coefficient was determined for each distance cut off. The optimal distance cutoff was
selected as that resulting in the highest mean silhouette score. For the second stage hierarchical clustering,
the distance cutoff values varied between 0.02 and 0.6 with an increment of 0.001.

Select elemental ratios were determined on a particle-by-particle basis for all particles containing the
two elements, and the elemental ratio distribution was determined. Particle sizes were calculated
assuming the measured mass of each element is derived from a single pure particle. The particle sizes are
used for comparisons among samples and not necessarily to infer an accurate size measurement of a given
metal(loid) particles. The number concentration (NM g!) of the total, smNMs, mmNMs, and cluster
members were determined according to SP-ICP-MS theory.** The INM particle sizes were determined

assuming spherical shape and pure metal(loid) oxide phases (Table S3).

3. Results and Discussion
3.1. Bulk elemental composition

Carbon content vary between 2 and 26% of the ash mass and followed the order carbon in structural
ash (2.0 to 5.1%) < carbon in vegetation and atmospheric deposition ash (6.2 to 10.7%)< carbon in
vehicle ash (12.1 to 26.0%)'%. Ten elements, including Al, Fe, Zn, Ti, Mn, Ba, Pb, Cu, Cr, and Sr, account
for > 98% of the total measured elemental concentrations in each sample, with the exception of sample
A3, in which these elements account for 91% of the total measured elemental concentrations, with Co, Ni,
Sn, and Cd accounting for another 8% of the total measured elemental concentrations (Figure 1). All
other measured elements account for < 0.4% in all ashes except in sample A5, in which they account for

1.6% of the total measured elemental concentrations.
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The bulk elemental concentrations in the nine ashes show stark differences in their elemental
composition.'® The vegetation and atmospheric deposition ashes display similar elemental composition,
with high Al and Fe concentrations, along with lower concentrations of Ti, Mn, Sr, and Ba (Figure 1a).
The similar composition of the vegetation and atmospheric deposition ashes is because the atmospheric
deposition ash was dominantly derived from the combustion of biomass. The elemental compositions of
structural ashes are dominated by Al, Ti, Fe, and Zn, and to a lesser extent by Cr, Co, Cu, Ba, and Pb
(Figure 1b). The elemental compositions of vehicle ashes are dominated by Al, Ti, Mn, Fe, Cu, Zn, and
Pb, and to a lesser extent by Ba (Figure 1c¢). The ratio of metal concentration in structural and vehicle ash
compared to vegetation and atmospheric deposition ash demonstrates that most metals are higher in
structural and vehicle ash compared to vegetation ash (Figure 1d), in particular Cu, Zn, As, Mo, and Pb.
In addition to the differences in the elemental compositions among the different groups of ashes, the bulk
elemental ratios of Ti/Nb (e.g., 480 to 13,990, Figure 2a) in all ashes are higher than the average crustal
value (e.g., 320)* and decrease in following the order: structural > vehicle > vegetation. Additionally, the
elemental ratios of Cr/As in ashes also decrease according to the order: structural > vehicle > vegetation
(Figure 2b). The elemental ratios of Sn/Fe (Figure 2c¢), Sb/Fe (Figure 2d), and Pb/Fe (Figure 2e) are
higher in structural and vehicle ashes than those in vegetation ashes (Sb was below detection limit in
vegetation ashes) and are higher than the average crustal values in all ashes, consistent with the
anthropogenic nature of Sn, Sb, and Pb. These findings demonstrate that WUI fire ashes contain
anthropogenic Ti, Cr, Sn, Sb, and Pb-bearing NMs. The differences in the elemental compositions and
ratios in the different ashes are ascribed to the differences in the elemental compositions of the fuels (see

S1 section for more details).

3.2.Particle number concentration
Similar to the bulk elemental composition, few types of NMs (e.g., Fe, Mn, Ti, Zn, Pb, Al, Cr, Ba,
and Cu) account for > 95% of the total number of detected NMs, assuming each event occurred as an

individual NM (Figure 3a), with the exception of A5, in which these types of NMs account for 89% of
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the detected NMs with Ce, Co, La, Nb, Nd, Sn, and Zr accounting for another 10% of the total detected
NMs. All other NM types account for < 4% in all ashes except in A5 in which they account for 11% of
the total detected NMs. Rare earth elements other than La and Ce, as well as Hf, Ta, Th, W, and U were
rarely detected in any of the ashes as single particles and thus were removed from data analysis and
discussion. Ce and La NMs occurred in substantial numbers in A5 only. The absence/low frequency of
REE:s in the fire ashes (e.g., relative abundance REE INMs compared to the total number of INMs <0.012
for La, <0.029 for Ce, <0.007 for Pr, and <0.007 for Nd) indicates the limited contribution of natural
nanomaterial from soil to the WUI fire ashes because REEs occur at high frequency (e.g., relative
abundance of REE INMs compared to the total number of INMs = 0.47 to 2.14 for La, 1.0 to 4.0 for Ce,
0.09 to 0.58 for Pr, and 0.21 to 1.0 for Nd) in natural nanomaterials from soils.?> Nonetheless, the most
abundant INMs were different among the different ashes, suggesting substantial differences in the INM
make up in the nine ashes, in good agreement with the bulk metal(loid) concentrations. The vegetation
and atmospheric deposition ashes are dominated by Fe and Mn NMs (Figure 3a), which account for 80 to
90% of all detected NMs. The relatively low abundance of Al NMs is likely attributed to the large sizes of
Al NMs and the higher size detection limit of Al NMs by SP-ICP-TOF-MS (e.g., 250 nm assuming
AlLyOs3) compared to other elements. Structural ashes were dominated by Fe, Ti, Zn, Mn, Cr, Ba, Al, and
Pb, which together account for 87 to 95% of all detected NMs. Vehicle ashes were dominated by Zn, Fe,
Ti, Mn, Pb, and Al, which together account for 93 to 97% of all detected NMs.
3.3.Single particle elemental composition

The majority of the detected INMs occurred as mmNMs with a few exceptions (Figures S2b and c).
Among the INMs with high number concentrations, 93% and 60% of Fe in vegetation ashes (A1l and A2,
respectively), 61% of Ti in A7, 53% of Mn in A9, and 57% of Zn in A8 occurred as smNMs. These
differences in the relative abundance of smNMs vs. mmNMSs can be ascribed to the source of the particles
in the different ashes or because NMs may occur in the form of heteroaggregates. Note that mmNMs were

rarely detected in the blanks, indicating that all mmNMs are true particles.
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The automated two-stage hierarchical clustering generated an overall 29 clusters across all ash
samples (Figures 3b). The elemental makes up and the abundance of mmNM clusters were different
among the different in the nine ashes. Whereas some clusters were identified in all ashes, others were
identified only in structural and vehicle ashes (Figure 3b). The majority of mmNMs (86 to 95%) in
vegetation and atmospheric deposition ashes occur in the Fe-rich mmNM clusters (FeMnZn or FeMn). In
contrast, structural and vehicle ashes contain mmNMs with a more diverse composition. The majority of
mmNMs (86 to 97%) in structural ashes occur in the FeMnZn, TiFeZn, and AlFeZn clusters, which
account for 10 to 77%, 19 to 62%, and 1 to 57% of all mmNMs, respectively. The majority of mmNMs
(87 to 99%) in vehicle ashes occur in the FeMnZn, TiFeZn, AlFeZn, ZnFePb, and FeMnZn clusters,
which account for 4 to 19%, 4 to 39%, 6 to 35%, 10 to 54%, and 0 to 46%, of all mmNMs, respectively.
Other clusters such as CuFePb, CoAlCr, PbSbCe, CuPbCr, SnTiFe, PbSnBa, SbPb, and SbTi contain few
members and occur only in structural and vehicle ashes. The elemental combinations within these clusters
are indicative of anthropogenic sources of INMs.

The elemental compositions of the mmNMs are presented in Figures 3¢, S3, and S4. Typically, the
composition of each cluster is dominated by one metal(loid) and contains minor or trace concentration of
other metal(loid)s. Some clusters, such as Fe (Figure S3a and b), Ti (Figure S4c and b), Al (Figure
S3e), Mn (Figure S3f and g), Zr (Figure S3h and i), and Ba (Figure S3j-1) although they contain
mmNMs with similar elemental combinations as natural mmNMs,*% 40 they also contain other elements
such as Pb, Cr, Zn, Ni, and Cu, which indicate heteroaggregation of Fe, Ti, Al, Mn with other NMs.
Additionally, the elemental concentrations of the minor elements in these clusters are different than those
present in natural mmNMs.3? Other clusters, such as CeLaNd (Figure S3m), FeMn (Figure S3n), and
NdLa (Figure S30), contain mainly naturally occurring elements similar to mmNMs identified in
uncontaminated natural soils.>? Other clusters are rich with anthropogenic metal(loid)s such as Cu
(Figure S4a-c), Cr (Figure S4d), Pb (Figure S4e-g and j), Sn (Figure S4g-i), Sb (Figure S4j and k), Zn
(Figure S41), Ni (Figure S4m), and Co (Figure S4n). Because some NMs occur as heteroaggregates of
mmNMs (as discussed below), some mmNMs could represent a small mass fraction within mmNM

11
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clusters and thus could be overlooked. Thus, the elemental ratios between commonly associated elements
in mmNMs clusters were calculated for all mmNMs containing the two elements with the aim to identify
mmNM particle types.

Cr and Cu-bearing INMs. Chromium and copper occurred as major elements in four clusters (Figure
S3a-d). Based on the elemental composition of these clusters, Cr and Cu can be attributed to Cr and Cu
alloys and/or chromated copper arsenate.*!-*¢ Chromium and Cu bearing mmNM:s occur in association
mainly in structural ashes (Figure 4a). The molar ratios of Cr/Cu in all Cr and Cu-bearing mmNMs range
from 0.01 to 614 in A4 and are predominantly < 1.0, whereas those in A5 and A6 are predominantly > 1.0
(Figure 4b). These ratios indicate that the Cr and Cu-bearing mmNMs could be attributed to CuCrO,,
CuCr,0, as well as aggregates of these phases with pure Cr-oxides such as CrO;, CrO,, Cr,0; that form
during the combustion of CCA-treated wood.!® The relative lack of detection of As is likely due to the
volatilization of As during the combustion process.*”> 43

Copper and Pb, Cu and Sn, and Cu and Ni bearing mmNMs occur in association mainly in structural
and vehicle ashes with highest number concentrations in the structural ash with a lower particle number
concentration of Cu and Ni bearing mmNMs in the vegetation ash and CuPb and CuSn bearing mmNMs
in the structural ashes (Figure 4¢). The elemental ratios of Cu/Sn (Figure 4¢) and Cu/Pb (Figure 4d)
suggest the occurrence of Cu alloys such as 85-95%Cu5-15%Sn and CuPb alloys such as
70%Cu5%Sn25%Pb (Cu/Pb = 2.8), 88%Cu6%Sn1.5%Pb (Cu/Pb = 58.7), as well as other CuPb-bearing
alloys with other elemental percentages.*” The elemental ratio of Cu/Ni is < 2 in the vegetation ash (A1),
but extends to 622 in the structural ash (A4, Figure 4e) indicating that those CuNi particles could have
originated from CuNi alloys.*

Pb, Sn, and Sb-bearing INMs (alloys). Pb, Sb, and Sn bearing mmNMs occur mainly in structural
ashes, less frequently in vehicle ashes, and were not detected in vegetation and atmospheric deposition
ashes. Lead, Sb, and Sn occurred as major elements in seven mmNM clusters, including PbSbCe,
PbSnBa, SnTiFe, SnSbFe, and SbPb clusters (Figure S4f-j) and in other clusters as minor elements
(Figure S3). SbPb, SnPb, and SnSb bearing mmNMs occur primarily in structural ashes, at much lower

12
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concentrations in vehicle ashes, and were not detected in vegetation and atmospheric deposition ashes
(Figure 5a). The elemental ratios of Sb/Pb, Sn/Pb, and Sn/Sb in all mmNMSs bearing these elemental
combinations cover a broad range from 0.2 to >4.0 (Figure 5b-d). The Sb/Pb ratio is higher than the
average crustal value of 0.024 and coincides with a series of SbPb mmNMs with the formula of Sb,Pb
(y=1 to 5, Figure 5b).>%-52 The elemental ratios of Sn/Pb are greater than the average crustal value (0.12,
Figure 5¢) and cover those of pigments such as Pb,SnO,4 (Sn/Pb = 0.29) and SnPbO, (Pb/Sn = 0.57), or
SnPb alloys such as PbSn; (Sn/Pb = 1.71) and PbSns (Sn/Pb = 2.86).>3 The elemental ratios of Sn/Sb are <
the average crustal value (5.3, Figure 5d) and coincide with particles with molecular formula of SnSbs,
SnSb,, SnSb, Sn;Sb, likely semiconducting alloys with a formula Sn,Sb, (x=2 to 4 and y = 3 to 5).3* Sn,
Sb, and Pb and a wide range of combinations of these elements are widely used as soldering alloys. Thus,
SbPb, SnPb, and SnSb mmNMs could originate from soldering alloys,*->° which are widely used in
structures and vehicles.’® 37 Furthermore, other Sn, Sb, Pb alloy combinations are also possible, including
92.5%Ti5%Al2.5%Sn (Figure 5e), 85-95%Cu5-15%Sn (Figure 4d).* 3 Lead is widely used in
automotive, telecommunication, and backup power systems as lead-acid batteries due to its ability to store
and deliver DC electrical energy reliably. Lead is also commonly used in electronics for joining
components to circuit boards. Other major uses include ammunition, paints, cable sheathing, and sheet
lead. Lead is heavily regulated in the plumping, paint, and gasoline industries. Lead-bearing solders, on
the other hand, have been used extensively in the electronic industry since the early 1950s with less
regulation.

Co and Al-bearing INMs. Co and Al-bearing INMs occurred in one cluster, mainly in structural ash
(A5 and A6, Figure S4n). The elemental ratio of Co/Al is < 0.01 in the vegetation ash A1, but varied
between 0.01 and 3 in most particles detected the structural ashes (82-96% of CoAl mmNMs) with the
majority of particles, which can be attributed to CoAl alloys such as 50%Co050%Al (Co/Al = 1) and
67%C033%Al (Co/Al = 2, Figure S5).!8

Ti and Fe-bearing INMs. The majority (e.g., 71 to 96%) of Ti and Fe bearing mmNMs in vegetation
and atmospheric deposition ashes are characterized by Ti/Fe < 1.0 and are thus typical of those found in
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natural NMs (Figure S6a).3? In contrast, a smaller fraction (e.g., 23-64%) of Ti and Fe-bearing mmNMs
in the structural and vehicle ashes are characterized by Ti/Fe < 1.0 (Figures S6b and c). Furthermore,
structural and vehicle ashes contain a substantial fraction (27 to 69%) of mmNMs with Ti/Fe > 2.0, with
A6 and A7 having the highest fraction of mmNMs with Ti/Fe >2.0, accounting for 61 and 69% of all Fe-
and Ti-bearing INMs. These observations indicate anthropogenic sources of Ti-bearing NMs in structural
and vehicle ashes.

Al and Fe bearing mmNMs. The elemental ratios of Al/Fe display higher values in structural and
vehicle ashes compared to vegetation ashes (Figure S6d-f). The majority (86 to 89%) of Al Fe bearing
INMs in vegetation ashes are characterized by Al/Fe between 0 and 2. The majority (86%) of Al and Fe
bearing INMs in the atmospheric deposition and A4 ashes are characterized by Al/Fe between 0.05 and
10. In contrast the majority (51 to 87%) of Al and Fe bearing mmNMs in structural and vehicle ashes are
characterized by Al/Fe > 10. Aluminum and Fe-bearing INMs in vegetation ashes might be ascribed to
contamination from soil mmNMs, the uptake of Al and Fe bearing INMs by vegetations, or the similar
elemental ratios of Al/Fe in vegetations to natural mmNMs (Al and Fe concentrations in plants are 106
(25 to 355) mg kg! Al and 75 (37 to 443) mg kg'! Fe, respectively).’® In contrast, the high elemental
ratios of Al/Fe in structural and vehicle ashes are ascribed to the use of the pure form of these elements in
structural materials and vehicle components.

Cr and Fe-bearing INMs. The elemental ratios of Cr/Fe display higher values in structural and
vehicle ashes compared to vegetation ashes (Figure S6g-i). Most likely, these differences in the elemental
ratios are due to the heteroaggregation of Cr and Fe-bearing INMs in structural and vehicle ashes. The
Cr/Fe ratios in vegetation ashes (<0.04 in A1 which has a significant number of Cr and Fe-bearing INMs)
are close to those in the bulk vegetation (75 (37 to 443) mg kg'! Fe, <0.2 mg kg'! Cr°).

Zn, Fe, and Ti-bearing mmNMs. Zn and Fe-bearing mmNMs occurred in higher concentrations in
structural and vehicle ashes than in vegetation ashes (Figure 1). The elemental ratios of Zn/Fe display
higher values in vehicle ash than in structural ash than in vegetation and atmospheric deposition ash
(Figure S6j-1). Additionally, given the common association between Ti and Zn in mmNMs, we plotted

14



oNOYTULT D WN =

Environmental Science: Nano

the elemental ratios of Zn/Ti (Figure S6ém-0). The elemental ratios of Zn/Ti in mmNMs decrease in ashes
as follows: vehicle > structural > vegetation (Figure S6j-1). These observations further confirm the
anthropogenic origin of Zn in the structural and vehicle ashes.

The high elemental ratios of Ti/Fe, Al/Fe, Cr/Fe and Zn/Fe in mmNMSs determined by SP-ICP-TOF-
MS are consistent with those determined by TEM-EDS (Figure S7 and Table S4) and are attributed to
the occurrence of Ti, Al, Cr, and Zn as pure phases as demonstrated by TEM-EDS analysis (TEM images
and EDS maps were presented in our previous study)'®. The elemental composition of INMs in vegetation
and atmospheric deposition ash is dominated by C,0,Ca, and Mg-bearing materials with small
concentrations of other elements and absence of Cr, Cu, Co, and Pb (Figure S7 and Table S4). In
contrast, INMs in structural and vehicle ash contained higher concentrations of Si, Al, Ti, Fe, Mn, and Zn.
Cr and Pb were detected in structural ashes only. The types and composition of INMs detected by TEM
are generally in good agreement with those detected by SP-ICP-TOF-MS. It is worth noting that the lack
detection of a given type of nanomaterials (e.g., Pb in vehicle ash) by TEM could be attributed to its low
frequency in the WUI ash samples rather than to its absence.

3.4. Particle size

Substantial fractions of the detected particles by SP-ICP-TOF-MS were in the nanosize range (< 100
nm); 6 to 59% for Ti, 33 to 80% for Fe, 27 to 89% for Zn, 44 to 100% for Cr, 76 to 98% for Mn, 91 to
100% for Ba, 89 to 100% for Pb, 67 to 100% for Cu, 80 to 100% for Sn, 91 to 100% for Sb, (Table 1 and
Figure S8), suggesting the efficient extraction of primary or small heteroaggregates of INMs from the fire
ash. The median particle size of some INMs such as Al, Mn, Cu, Ba, Sb, and Pb-bearing INMs—
assuming pure Al,O;, MnO,, CuO, BaO, Sb,0;, and PbO phases— did not display substantial differences
among the three types of ashes (Table 1 and Figure S8). In contrast, the median particle size of other
elements such as Ti, Fe, Zn, Cr-bearing INMs—assuming pure TiO,, Fe,0;, ZnO, and Cr,0O; phases— in
structural ashes are larger than those in vehicle and vegetation ashes (Table 1). The differences in the
median sizes of Ti, Fe, Zn, Cr among the different ashes can be ascribed to differences in the source of
INMs in the different ashes. For instance, INMs in vegetation ashes most likely originate from the
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metal(loid)s or natural nanomaterials taken up by plants, which may favor the formation/uptake of small
NMs.% In contrast INMs in structural most likely originate from the breakdown of bulk metal(loid)-
bearing objects (e.g., pipes, electrical wires, appliances, efc.), or the use of engineered particles (e.g.,
pigments and NMs) in structural materials such as paint and coatings, along with metal(loid)s stored in or
added to wood.®!-%* For instance, Ti, Fe, and Zn oxides are widely used as pigments and fillers in paints
and coatings. Chromium is a component of a widely used wood preservative —chromated copper
arsenate (CCA, CrOs, CuO, and As,Os) — which was used since the 1940s and phased out in the early
2000s in the U.S.% but remains in existing structures.*!-*¢ Metal(loid) alloys such as SnSb, SnPb, and

SbPb are widely used in structures and vehicles.*% 58 66,

4. Conclusions

To the best of our knowledge, this study is the first of its kind to characterize the abundance and
elemental makeup of inorganic, metal(loid) INMs formed as a result of the combustion of different types
of fuels in WUI fires using SP-ICP-TOF-MS. Structural and vehicle fire ashes contain higher
concentrations of metal(loid) INMs, in particular Fe, Ti, Zn, Mn, Cr, Cu, Sn, Sb, and Pb than those in
vegetation ashes and atmospheric deposition ashes. Iron- and Mn-bearing INMs were the most abundant
INMs in vegetation and atmospheric deposition ashes accounting for >80% of the detected INMs by SP-
ICP-TOF-MS. In contrast, Fe- and Mn-bearing INMs accounted for <50% of the detected INMs by SP-
ICP-TOF-MS in structural and vehicle ashes. Aluminum-, Ba-, Cr-, Cu-, Ti-, Pb-, and Zn-bearing INMs
were more preponderant in structural and vehicle ashes (accounting for 45 to 75% of all INMs) than in
vegetation and atmospheric deposition ashes (accounting for 7 to 13% of all INMs). The sizes of INMs
varied between a few tens to a few hundreds of nanometers with larger Ba, Cr, Fe, Ti, Pb, and Zn-bearing
INMs in structural and vehicles ashes than in vegetation ashes. Several mmNMs were also identified in
the WUI fire ash, including chromated copper arsenate related NMs (e.g., CuCrO,, CuCr,0,); CuSn and

CuPb alloys; SnPb, SbPb, and SnSb alloys; and CoAl alloys.
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The identified metal(loid) INMs in fire ashes can be of social and environmental concern, impacting
public health and safety, infrastructure, biodiversity, and contributing to land'®-27-28 water?®- ¢/, and air
pollution,®®: ® with potential impacts for living organisms within these environmental compartments.* 7°
These INMs are likely to present public health risks to people (e.g., fire recovery workers, residents) and
communities through direct and indirect ingestion, inhalation, and absorption. People are likely to be
exposed INMs present in ashes through disturbance and resuspension of the ashes (e.g., from walking,
cleaning, wind), which may be inhaled.?¢ Health effects of ash exposure range from acute symptoms, such
as coughing, sneezing, and throat and eye irritation, to chronic disease and increased cancer risk. The
detected INMs might contribute to such effects. The environmental and human health implications of fire
ashes, iron oxides, and chromated copper arsenate by-products have been discussed in our previous
studies 82971 "and those of other types of INMs such as Zn, Cu, and Cr oxides have been discussed in
other studies in the literature . The abundance of metal(loid) INMs in fire ashes and these potential
environmental and human health effects demonstrate how additional research could be used to better
understand the nature, concentrations, formation, transformation, reactivity, short- and long-term stability,
fate, and effects of metal(loid) INMs during and after fires at the WUI. Topics for additional research
could include: 1) experimental work on synthetic nanomaterials and various types of fuels under well
controlled simulated WUI fire conditions to develop fundamental and mechanistic understanding into the
formation and transformations of INM in WUI fires, 2) field investigations (similar to this study) to
determine the real-environmental products resulting from to unknown transformations of INMs within the
fire environment and after release into the environment, 3) mobilization and transport of WUI fire INMs
to surface water following storm events, and 4) environmental and human health implications of the fire

generated INMs.
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Figure 1. Bulk metal concentrations in the bulk ash samples: (a) vegetation and atmospheric deposition
ashes, (b) structural ashes, (c) vehicle ashes, and relative concentration of metals in structural or vehicle
ash compared to those in vegetation and atmospheric deposition ash.
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45 Figure 2. Bulk mass ratios of (a) Ti/Nb, (b) Cr/As, (c) Sn/Fe, and (d) Sb/Fe in the selected ash samples
46 from different sources including vegetation (Veg), atmospheric deposition (AD), Structural (St), and
47 Vehicle ashes. Ti/Nbbg, Sn/Febg, Sb/Febg and Pb/Febg refer to the average crustal elemental ratios and are
48 320, 0.00005, 0.00001, and 0.0004, respectively. The error bars represent the standard deviation of three
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52 than the pairs AS vs. A7, A8, and A9; A6 vs. Al, A2, A3, A4, A7, A8; A7 vs. Al, A2, A3, A4, A8, and A9.
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Figure 3. Particle number concentration (NM g!) of (a) individual elements in wildland-urban interface
(WUI) fire ash from different sources including vegetation (A1, A2), atmospheric deposition (A3),
structures (A4, A5, and A6), vehicle (A7) and mixed structures/vehicles (A8 and A9), (b) multi-metal
nanomaterials (mmNMs) in mmNM clusters, and (c) average mmNM cluster composition. Veg:
vegetation, AD: atmospheric deposition, St: structures, Veh: vehicles. The vertical dashed lines are used

to guide the eye.
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41 Figure 4. Number concentration of (a) Cr and Cu-bearing multi-metal nanomaterials (mmNMs) and (c)
42 Cu and Pb, Cu and Sn, and Cu and Ni bearing mmNMs in wildland-urban interface (WUI) fire ashes
43 collected from different sources including vegetation (A1, A2), atmospheric deposition (A3), structures
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1

2

i Table 1. Descriptive statistical analysis of particle size distributions.

5 Vegetation Atmospheric | Structural Vehicle | Structural/vehicle
6 Al A2 A3 A4 AS A6 A7 A8 A9
/ Ti Median 94 135 96 200 111 269 204 94 121
2 ! % <100 nm | 58 31 55 19 38 6 16 59 37
10 Fe Median 94 80 90 132 86 131 79 78 76
1 % <100 nm | 57 70 63 33 67 33 74 80 71
12 7n Median 87 95 87 139 92 97 91 104 107
13 % <100nm | 74 67 89 27 61 58 65 43 42
14 Cr Median 66 68 64 66 98 110 67 79 72
15 %<100nm | 93 85 93 90 52 44 100 66 81
16 Al Median 273 301 280 268 293 275 264 269 274
17 %<100nm | 0 0 0 0 0 0 0 0 0

1 g Mn Median 66 66 78 72 63 69 60 63 76
20 % <100nm | 90 86 76 82 87 80 89 98 79
21 Ba Median 40 38 44 51 45 40 34 36 39
22 % <100 nm | 100 100 99 91 96 94 96 99 96
23 Pb Median 32 37 34 34 41 35 42 35 37
24 % <100nm | 100 100 89 100 96 98 95 98 100
25 Cu Median 72 76 70 84 75 68 74 67 65
26 % <100 nm | 100 75 82 67 86 92 86 89 84
27 Sn Median 58 88 77 51 55 53 54 57 55
28 % <100nm | 86 80 100 100 87 97 100 100 89
;g Sh Median - 52 54 50 57 55 51 56 53
31 % <100 nm | - 100 100 97 89 100 91 92 100
32 Median is to median particle diameter.

33 % <100 nm is the % of particles with diameters smaller than 100 nm
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Data availability statement

Data will be made available upon request.
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