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trations in WUI fire ash were
determined.

e The composition of Cr, Cu, and As INMs
in WUI fire ash were determined.

e Original and transformed Cr, Cu, and
As-bearing INMs were detected in WUI
fire ash.

e The source of Cr, Cu, and As-bearing
INMs in WUI fire ashes is treated wood.
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GRAPHICAL ABSTRACT

ABSTRACT

In addition to the combustion of vegetation, fires at the wildland-urban interface (WUI) burn structural mate-
rials, including chromated copper arsenate (CCA)-treated wood. This study identifies, quantifies, and charac-
terizes Cr-, Cu-, and As-bearing incidental nanomaterials (INMs) in WUI fire ashes collected from three
residential structures suspected to have originated from the combustion of CCA-treated wood. The total
elemental concentrations were determined by inductively coupled plasma-time of flight-mass spectrometry (ICP-
TOF-MS) following acid digestion. The crystalline phases were determined using transmission electron micro-
scopy (TEM), specifically using electron diffraction and high-resolution imaging. The multi-element single
particle composition and size distribution were determined by single particle (SP)-ICP-TOF-MS coupled with
agglomerative hierarchical clustering analysis. Chromium, Cu, and As are the dominant elements in the ashes
and together account for 93%, 83%, and 24% of the total mass of measured elements in the ash samples.
Chromium, Cu, and As phases, analyzed by TEM, most closely match CrOs, CrO,, eskolaite (Cry03), CuCrOs,
CuCry04, CrAszOg, Asp0Os, AsO», claudetite (AspO3, monoclinic), or arsenolite (AspOs, cubic), although a bona

E-mail address: mbaalous@mailbox.sc.edu (M. Baalousha).

https://doi.org/10.1016/j.jhazmat.2022.130608

Received 26 September 2022; Received in revised form 25 November 2022; Accepted 12 December 2022

Available online 15 December 2022

0304-3894/© 2022 Elsevier B.V. All rights reserved.


mailto:mbaalous@mailbox.sc.edu
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2022.130608
https://doi.org/10.1016/j.jhazmat.2022.130608
https://doi.org/10.1016/j.jhazmat.2022.130608
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2022.130608&domain=pdf

M. Alam et al.

Journal of Hazardous Materials 445 (2023) 130608

fide phase identification for each particle was not always possible. These phases occur predominantly as het-
eroaggregates. Multi-element single particle analyses demonstrate that Cr occurs as a pure phase (i.e., Cr oxides)
as well as in association with other elements (e.g, Cu and As); Cu occurs predominantly in association with Cr
and As; and As occurs as As oxides and in association with Cu and Cr. Several Cr, Cu, and As clusters were
identified and the molar ratios of Cr/Cu and Cr/As within these clusters are consistent with the crystalline phases
identified by TEM as well as their heteroaggregates. These results indicate that WUI fires can lead to significant
release of CCA constituents and their combustion-transformed by-products into the surrounding environment.
This study also provides a method to identify and track CCA constituents in environmental systems based on
multi-element analysis using SP-ICP-TOF-MS.

1. Introduction

Fire (ie., wildfire and controlled fire) is a common phenomenon
worldwide [7], affecting around 3-5 million km? annually, burning
forest materials, structures, houses, and vegetated land [64]. Wildfires
are a frequent phenomenon across the United States, which has wit-
nessed a rapid increase in the area burned by wildfires by approximately
780 km? per year between 1991 and 2020, with the 2020 fire season
consuming a record 41,000 km? of wildland [68]. Wildfires have
become more destructive in recent years in the western United States,
particularly in California, due to the dominance of flammable trees,
shrubs, and grasses, topography, rising temperatures from climate
change, and the increased population living in proximity to wildland
vegetation in areas known as the wildland-urban interface (WUI) [46,
69]. Wildfires are most pronounced and devastating at the WUI, where
houses and wildland vegetation intermingle [46,56]. This issue is of
particular concern given the rapid growth of regions that qualify as the
WUL Between 1990 and 2010, the WUI grew rapidly in the United States
in terms of both land area (from 581,000 to 770,000 km?; 33%) and
number of new houses (from 30.8 to 43.4 million; 41%) [56]. Addi-
tionally, the number of houses within the perimeter of recent wildfires
(1990-2015) increased from 177,000 in 1990-286,000 houses in 2010
[56]. Consequently, the number of structures burned in WUI fires has
increased from around 5200 structures, including 3500 houses in 2011,
to 18,000 structures, including 9600 houses in 2020 (approximate in-
creases of 246% for structures and 174% for houses burned in 10 years)
[30,68].

Increases in wildfire frequency, size, severity, and encroachment into
the built environment result in increased emissions of contaminants of
emerging concern—metals and metalloids [67], organic contaminants
[67], incidental nanomaterials [2], magnetic nanomaterials [4], as well
as other types of contaminants. These contaminants likely pose risks to
drinking water supplies and aquatic organisms [10,23,8]. Although
several studies have investigated the types and concentrations of con-
taminants released from wildfires [13,14], studies reporting the nature
and concentrations of contaminants released from WUI fires remain
limited. Fires at the WUI transform and release chemicals used in con-
struction materials into the atmosphere and ashes that remain on the
ground. One such chemical is chromated copper arsenate (CCA), which
has been used as a wood preservative or in pesticides since the 1930 s
[15,45,26,27,31,58]. CCA is a waterborne salt that consists of a mixture
of chromium trioxide (CrOs, 47.5%), copper oxide (CuO, 18.5%), and
arsenic pentoxide (As20s, 34%) mixed in water [15,17,48]. Depending
on the intended application, wood is treated to CCA retention levels
between 4.0 and 40 kg m™ [44], with most CCA-treated wood marketed
to customers with a retention level of 6.4 kg m~3 [67]. CCA is the
principal wood preservative in many countries [6]. The usage of CCA
has greatly increased since the 1970 s, especially for residential appli-
cations—such as decks, picnic tables, landscaping timbers, fencing, pa-
tios, walkways, boardwalks, and playground structures— [27,31,6]
until it was phased out of use in 2003 [63]. For instance, approximately
75,000 metric tons of CCA (oxide basis) were used in 2000 in North
America and 15,000 metric tons in Europe. In December 2003, CCA
manufacturers voluntarily discontinued manufacturing CCA-treated

wood products for homeowner uses [63]. However, the U.S. Environ-
mental Protection Agency (EPA) does not require the removal of existing
structures made with CCA-treated wood [48,67]. Therefore, CCA is still
considered a source of environmental contamination and health concern
[48].

Several studies have investigated the concentrations of Cr, Cu, and As
and the transformation of CCA constituents in ashes generated by
controlled burning of CCA-treated wood [24,27,39,44,52,53,67]. Dur-
ing the incineration of CCA-treated wood, Cr and Cu compounds mostly
remain in the ash as water-insoluble solids while As compounds change
to volatile arsenic or arsenious acids [24]. Residual ash has been shown
to contain high concentrations of Cr (~16%), Cu (~9%), and As (~8%),
along with percent levels of Ca, Si, Fe, Al, Mg, and K [67]. A comparison
of the residual ash and fly ash (e.g, the fine particle ash that rises up with
the flue gases) compositions suggest that between 11% and 14% of the
As partitions into the fly ash while over 99% of the Cr and Cu partition
into the residual ash [67]. These behaviors are consistent with the
relatively low boiling temperature of As (615 °C) and the high boiling
temperatures of Cu and Cr (2567 and 2672 °C) [57]. The dominant
phases identified in the residual ash of CCA treated wood include:
CuCrOg, CuCry04, Cry03, MgCry04, and K3Na(CrO4), (an analogue of
aphthitalite, a sulfate mineral) for Cr; CuCrOs, CuCry04, and Cu3(AsO4)s
for Cu; and arsenate phases with Cu and Cr as well as AsyO3 for As [39].

Previous studies used transmission electron microscopy (TEM), X-ray
diffraction (XRD), and X-Ray absorption spectroscopy (XAS) to investi-
gate the phases and oxidation states of CCA in treated wood and treated
wood ash [24,67]. Although these methods provide structural infor-
mation, TEM lacks statistical power as few particles can be practically
measured, and XRD and XAS do not provide information on primary
particle and aggregate size distributions. Single particle inductively
coupled plasma-time of flight mass spectrometry (SP-ICP-TOF-MS) is a
promising technique in nanometrology that enables the determination
of the masses of all elements in a single particle in addition to particle
sizes and number concentrations [29,37,47,62]. SP-ICP-TOF-MS mea-
sures all elements in a particle simultaneously and, when coupled with
phase identification using TEM, allows for identification of the
elemental composition, size distribution, and number concentrations of
NMs.

This study identifies, quantifies, and characterizes the properties of
Cr, Cu, and As in WUI fire ashes collected from three residential struc-
tures following the 2020 LNU Lightning Complex Fire in California and
suspected to have originated from the combustion of CCA-treated wood.
To this end, the three fire ashes were characterized for total bulk
elemental concentrations, multi-element single particle composition,
size distribution, and crystalline phase identification using SP-ICP-TOF-
MS and TEM.

2. Materials and methods
2.1. Sampling location and sample collection
A detailed description of the LNU Lightning Complex Fire is provided

elsewhere [2,4]. Briefly, this fire burned 1470 km? and destroyed 1491
structures in Colusa, Lake, Napa, Sonoma, Solano, and Yolo Counties,
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approximately 60 km west of Sacramento, California between August 17
and October 2, 2020 (Fig. S1). Within the fire perimeter, the distribution
of burn severity (area%) was 12% low, 39% moderate, and 49% high
[4]. Land use in the fire perimeter consisted of 57% shrub/scrub, 19%
herbaceous, 12% evergreen forest, and 1.4% developed. Fire ash sam-
ples were collected from three burned houses in October 2020 following
the LNU Lightning Complex Fire. Approximate locations of the three
houses are given in Table S1 and shown in Fig. S1. The burn severity in
the vicinity of these sampling locations was moderate to high; each of
the houses was completely burned. Sample A24 is a dark green ash
collected from a building foundation (Figs S2a and S2d). Sample A96 is a
light gray ash with some green color collected from a burned house
(Fig. S2b). Sample A125 is olive green ash collected from another
foundation with some visible yellow crystals (Fig. S2c). Ash samples
were collected with disposable plastic scoops and placed into zippered
plastic bags. All samples were collected prior to any precipitation.

2.2. Digestion and metal analysis

Ash samples were homogenized using a mortar and a pestle, sieved
through a 2 mm pore size mesh nylon sieve (Zhangxing Instrument,
Hangzhou, Zhejiang, China), and digested for total metal concentration
analysis according to the methods described elsewhere [2]. Briefly, 100
mg of the sieved ashes were weighted and placed into a polytetra-
fluoroethylene (PTFE) digestion vessel. Digestion reagents were added
to each sample, standard reference materials, and procedural blanks in
the following order: 9 mL of distilled HNO3, 3 mL of distilled HF, and 2
mL of HyOs. The acid digestion was performed in a Multiwave micro-
wave (Multiwave Pro, Anton Paar, Graz, Austria) at a constant power of
1500 W for 60 min preceded by a 15-minute ramping time to reach the
desired power. The digestate was then evaporated in two steps using the
same microwave system to remove non-reacted HF. The first evapora-
tion was performed with 10 min of ramping time followed by 9 min of
holding time at 1500 W. Then, 3 mL of distilled HNO3; were added into
the vessel to dissolve any insoluble fluoride salts, and the second
evaporation was performed with 10 min of ramping time followed by 3
min of holding time at 1500 W. The digested samples were then diluted
in 10% HNOg (trace metal grade, Fisher Chemical, Fair Lawn, NJ, USA)
and stored until total metal analysis.

Total metal concentrations were determined using an inductively
coupled plasma-time of flight-mass spectrometer (ICP-TOF-MS, TOF-
WERK, Thun, Switzerland). Mass spectra calibration and routine tuning
were performed prior to analysis every day to achieve maximum
sensitivity. Elemental concentration calibration was established using a
series of ionic standards prepared in 1% HNOg3 from commercially
available ICP multi-element standards (BDH Chemicals, Radnor, PA,
USA) with concentrations ranging from 0.001 to 100 pg L~!. Internal
standards (ICP Internal Element Group Calibration Standard, BDH
Chemicals, Radnor, PA, USA) were used to monitor signal drift for
quality control. The instrument operating conditions are presented in
Table S2, and the monitored isotopes are listed in Table S3. All isotopes
were analyzed in collision mode with a helium and hydrogen gas
mixture.

The recovery of the digestion procedure was determined by digesting
and analyzing two standard reference materials for trace elements in
coal fly ash: NIST SRM 1663 C (NIST, Gaithersburg, MD, USA) and BCR-
176R (IRMM, Retieseweg, Geel, Belgium) [2]. For 1663 C, the recovery
varied between 82% and 125% for most elements [2]. Cu exhibited high
recovery of 137% and U exhibited a low recovery of 67% [2]. For
BCR-176R, the recovery varied between 77% and 105% for most ele-
ments. Barium and Th exhibited low recoveries of 42% and 70%,
respectively, while Zn and Se exhibited high recoveries of 131% and
146%, respectively. All elements’ relative standard deviation was <
15%, indicating good precision. Samples and blanks were analyzed in
triplicate.

Journal of Hazardous Materials 445 (2023) 130608
2.3. Particle composition on single particle basis

The multi element particle composition at the single particle level
was determined using SP-ICP-TOF-MS (TOFWERK, Thun, Switzerland)
as performed elsewhere [3,66]. Briefly, 100 mg of the sieved ash sam-
ples were suspended in 10 mL 0.2% (by weight) FL-70 surfactant in 15
mL acid-washed centrifuge tubes, following by overhead rotation for 2 h
at 40 rpm (Fisher Scientific, 88861049, USA), 60 min batch sonication
with ice water (Branson 2800, 40 kHz, Danbury, CT, USA) to disperse
particles, and centrifugation at 1000 g for 2 min (Eppendorf, 5810 R,
Hamburg, Germany) to obtain a < 1 um particle fraction (assuming
natural particle density of 2.5 g cm™>). The top 7 mL supernatant was
transferred into acid-washed 15 mL centrifuge tubes. Then a surfactant,
Triton X-114, and NaCl were added to the extract to achieve final con-
centrations of 0.2% Triton X-114 and 1 mM NaCl, respectively. The
mixture was then heated at 50 °C for 1 h to form micelles. This was
centrifuged at 1000 g for 5 min to create 2 phases: a surfactant-enriched
phase containing the nanomaterials and water phase containing the
ions. The surfactant-enriched phase containing nanomaterials was
separated and stored in a refrigerator at 4 °C before SP-ICP-TOF-MS
analysis. All samples were bath sonicated again for 15 min and were
diluted by a factor of 100,000 prior to SP-ICP-TOF-MS analysis.

The instrument operating parameters and the monitored isotopes are
summarized Tables S2 and S4, respectively. Mass spectra calibration and
tuning were performed on the ICP-TOF-MS instrument daily to optimize
conditions for maximum sensitivity with a multi-element tune solution
(iCAP Q/RQ Tune Solution, Thermo Scientific, Ward Hill, MA, USA).
Transport efficiency was calculated via the known size method using a
certified 60-nm Au NMs (NIST RM 8013 Au, Gaithersburg, MD, USA)
and a series of ionic Au standards (BDH Chemicals, West Chester, PA,
USA) [50]. Dissolved calibration standards were prepared from a mixed
multi-element ICP certified reference standard (0, 1, 2, 5, and 10 pg-L’l,
diluted in 1% HNO3, BDH Chemicals, Radnor, PA, USA) to determine the
elemental specific mass responses of particles. A 4.5% Hy/He gas
mixture was used as collision gas to eliminate/minimize interferences
and was optimized for °Fe* and 2%Si" signals. All samples were diluted
100,000-fold with UPW prior to analysis to avoid coincidence and
eliminate dissolved background. All samples and UPW blanks were
prepared and analyzed in triplicate. The SP-ICP-TOF-MS measures all
isotopes (mass range of 14-275 amu) simultaneously at a sampling rate
of 33 kHz. However, mass spectra were pre-averaged before readout,
resulting in an integration time of 2 ms. Data were acquired for 200 s for
each replicate and combined to achieve comprehensive analysis due to
limited detection events of certain elements. All data proc-
essing—particle/baseline signal separation and elemental mass calcu-
lation—were performed using Tofware as described elsewhere [38,60].
The particle mass and size detection limits assuming pure metal and
metal oxide phases are summarized in Table S5.

2.4. Clustering analysis of SP-ICP-TOF-MS data

The detected NMs were classified into single- and multi-metals
nanomaterials (smNMs and mmNMSs). The smNMs were considered as
their own clusters. The mmNMs were classified into clusters of NMs of
similar elemental composition using a two-stage (e.g., intra- and inter-
sample) agglomerative hierarchical clustering using MATLAB as
described elsewhere [3,66]. First, intra-sample clustering was per-
formed on all metal masses in each NM to generate clusters that best
account for variance in NM metallic composition in each sample. This
step generates a cluster dendrogram for each sample, which was divided
into major clusters using a distance cutoff. A representative cluster was
determined for each major cluster as the mean of metal masses in in-
dividual NMs within each cluster taking into account all elements that
occurred in at least 5% of NMs within the cluster. For each major cluster,
the mass fraction of a given metal in each particle was determined as the
mass of that metal divided by the sum of masses of all metals in that NM.
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Second, 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. This
step generates a cluster dendrogram for intra-sample cluster represen-
tatives, which was divided into major clusters using a distance cutoff as
performed for the intra-sample clusters. The mean intra-sample cluster
composition was determined as the mean of metal mass fractions in all
NMs in the cluster and was compared across samples. Selected molar
elemental ratios (e.g., Cr/Cu, and Cr/As) were determined on a
particle-by-particle basis. The number concentration (NM g 1) of the
total, smNMs, mmNMs, and cluster members were determined accord-
ing to SP-ICP-MS theory [51].

2.5. Transmission electron microscopy

Transmission electron microscopy (TEM) was used to study the
morphology, dimensions, crystallinity, and elemental composition of
NMs in ash A125. The sample was prepared for TEM analyses by the
drop casting method using suspensions of WUI fire ash dispersed in
methanol. The suspensions were shaken, left to sit for several minutes,
and then dropped onto LC300-Cu-150 TEM grids (Electron Microscopy
Sciences), which consist of a lacey C support layer attached to a 300-
mesh Cu grid. TEM samples were stored in a vacuum desiccator before
being analyzed. TEM data were collected at the Nanoscale Character-
ization and Fabrication Laboratory at Virginia Polytechnic Institute and
State University on a JEOL JEM 2100 S/TEM, operated at 200 kV. TEM
bright field images were acquired with a Gatan Ultrascan 1000XP CCD
camera, whereas selected area electron diffraction patterns were
collected with a Gatan Orius 833 slow scan CCD camera. Energy
dispersive X-ray spectroscopy (EDS) elemental maps were obtained
using a JEOL genuine 60 mm? Silicon Drift Detector.

For NM phase identification, we used a combination of composi-
tional information from EDS analyses as well as electron diffraction
data. For NMs > 200 nm, we used selected area electron diffraction, but
for smaller NMs or those overlapping with adjacent material to a sig-
nificant extent, we ran fast-Fourier-transforms (FFTs) on high-resolution
TEM bright field images, a technique which generates diffraction pat-
terns. Given that we used a Cu grid to hold our samples and the pole-
piece in the microscope contains Cu, the distribution of Cu in EDS
mapping is not necessarily inherent to the sample itself. Thus, elemental
ratios from EDS analyses that include Cu (i.e., Cr/Cu and Cu/As) are not
a reliable means of determining possible phases on their own. As a
result, we rely more on the electron diffraction measurements for
determining phases.

3. Results and discussion
3.1. Total metal concentration

Among the 44 monitored elements (Table S3), only a few elements
(e.g., Cr, Cu, As, Fe, Al, Zn, Ti, Mn, and Ba) account for > 99% of the total
elemental concentrations of all measured elements (Fig. 1). Together Cr,
Cu, and As concentrations account for 28-93% of the sum of the
measured elemental concentrations and 4-35% of the ash by weight.
Concentrations of Cr, Cu, and As in A24 and A125 are 105-183 g Cr
kg~!, 72-116 g Cukg ™!, and 27-44 g As kg™ 1. These concentrations are
in agreement with those measured (e.g., 165 g Crkg ™!, 98 g Cukg ™!, and
99 g As kg™!) in ashes generated by incinerating CCA-high retention
level-treated wood (40 kg CCA m~>) using industrial furnaces [58].
These concentrations also are much higher than those (e.g, 0.11 g Cr
kg~!,0.33 g Cukg !, and 0.03 g As kg ') measured in non-treated wood
ash [58]. The percent of Cr, Cu, and As concentrations in the ashes
relative to the sum of Cr, Cu, and As concentrations is 51-53, 34-35%,
and 13%, respectively. These percentages differ from the typical values
in CCA-treated wood most commonly used for residential applications,
which are 47 + 3% Cr as CrOs, 19 + 2% Cu as CuO, and 34 + 4% As as
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Fig. 1. Total metal concentration in the fire ashes ordered from highest
element concentration to lowest concentration in A24.

Asy0s [15,17,48]. This is attributed to the higher volatilization of As (e.
g, 22-77%) compared to Cu and Cr (e.g, 11-15%) to the atmosphere
during the burning of CCA-treated wood. Whereas As is often considered
a semi-volatile element (boiling point of 613 °C), Cr and Cu are typically
considered nonvolatile (boiling points of 2672 and 2567 °C, respec-
tively) [16]. The volatilization of As during combustion results in
increased proportions of Cr and Cu relative to As in the CCA-treated
wood ashes [24,27,44,67]. Elements with highest concentrations in
A96 were Al (41 +12.4 gkg™1), Ti (16.6 £ 6.3 gkg™1), Cu(20.5+ 2.6 g
kg™, Fe (16.6 £ 6.3gkg™ 1), Cr(9.1 +2.4gkg 1), and As (6.1 £1.5¢g
kg™1), indicating that this ash sample is derived from CCA-treated wood
as well as other structural material such as sheet rock paint as well as
household electronic devices. The high concentrations of Al, Ti, and Fe
in A96 are consistent with the mixed gray/green color of this ash
compared to the darker green color of A25 and A124. Because Cr, Cu,
and As are the dominant elements in A24 and A125 and account for a
substantial concentration of elements in A96, the following discussion
focuses on the analysis of Cr, Cu, and As INMs by TEM and
SP-ICP-TOF-MS, including elemental composition, phase, and size
distributions.

3.2. Phase identification

Aggregates of Cr-, Cu-, and As-bearing INMs were identified in A125
using TEM. The aggregates range from 1510 x 1070 nm to
5850 x 3080 nm in size, but consist dominantly of smaller particles (e.
g, from 1370 x 820 nm to 30 x 10 nm) as shown in Fig. 2. For phase
identification using TEM, we performed EDS and electron diffraction on
19 INMs present in three different aggregates and found matches to
several different phases. Images, EDS maps, and electron diffraction data
for three aggregates in A125 are presented in Fig. 2, S3-S7, and
Table S6. Note that a bona fide phase identification for each INM phase
was not always possible because the d-spacings of some INMs match
those of multiple phases (e.g., AsO3 vs. As;O3 (monoclinic) vs. AsyO3
(cubic); CrO3 vs. CrOy vs. Cro03; and CuCrOsg vs. CuCry04). Altogether
the INMs most closely match: CrOs, CrO,, eskolaite (CryO3) for the Cr-
bearing INMs; AsyOs, AsOs, claudetite (AsyOs, monoclinic), and/or
arsenolite (AsyOs, cubic) for the As-bearing NMs; CrAsO4 and CrAs;Og
for the Cr,As-bearing INMs; and CuCrO5 and CuCry0O4 for the Cu,Cr-
bearing NMs. An example of a Cr-, Cu-, and As-bearing INM, with its
associated electron diffraction data, is shown in Fig. 2. Measurements of
the d-spacing values of the diffraction spots of the Cr-bearing particles
yielded: for the top pattern in Figure 2a—3.541, 2.945, 2.418, 2.095,
and 1.451 10\, corresponding to the (—120), (200), (—2 to 20), (022), and
(—3 to 40) planes of CrOs; for the pattern in Figure 2d—4.900, 4.129,
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Fig. 2. Transmission electron microscopy (TEM) images, energy dispersive spectroscopy (EDS) map, and electron diffraction from Cr-, Cu-, and As-bearing nano-
materials in an aggregate from ash A125. (a) shows the aggregate’s overall morphology in a bright field (BF) scanning (S)TEM image as well as two electron
diffraction patterns collected from a Cr-bearing (top) and an As-bearing (bottom) particle. The d-spacing values of the overlaid rings are included and match the
following: top pattern = CrOg, bottom pattern = AsOa, As;03, As;Os, and As4Oe. Compositional information is presented in (b) as an EDS composite X-Ray map with
Cr in red, As in green, and Cu in blue. Note that the distribution of Cu is not necessarily inherent to the sample owing to the use of a Cu grid to load our sample and the
fact that the polepiece in the microscope contains Cu. Higher magnification fields of view are shown in (c) as a BF TEM image and in (d) as a high resolution (HR)TEM
image. (d) also includes an electron diffraction pattern extracted from the HRTEM image by performing an FFT. The d-spacing values of the overlaid rings are

included and match CrOs.

2.968, and 2.559 ;\, corresponding to the planes (—1 to 10), (011),
(200), and (03—1) of CrOs. Measurements of the d-spacing values of the
diffraction spots of the As-bearing particle (bottom pattern in Fig. 2a)
yielded 2.077, 1.929, 1.689, 1.591, and 1.399 A, corresponding to
planes in multiple As-bearing phases (i.e., AsO3, Asy;O3 (monoclinic),
Asy0s, and AsyO3 (cubic)) [27,46,58,67,27,46,58,67,27,46,58,67,27,
46,58,67]. The identified INM phases in this study are consistent with
those reported in CCA, CCA-treated wood, and CCA-treated wood ashes
(Table 1) [11,24,44,57,67]. Chromated copper arsenate consists of a
mixture of CrOs, CuO, and Asy0s [11,15,17,48]. During the fixation of
CCA reagent in wood, CrOs is reduced to Cr,O3 which then reacts with
As,0s5 to form CrAsO4 [33]. However, not all As;Osg reacts with CroO3
during the fixation process, and some remains in the wood as unreacted

Table 1
Speciation of Cr, Cu, and As in chromated copper arsenate (CCA)-treated wood
and ashes.

Measured CCA
composition

CCA composition Phases identified by TEM in fire
in treated wood ashes

cr Cr%t0; (47
+ 3%)

CritAs®t Oy Cr®*03, Cr*t0,, eskolaite
(Cr3703), Cu™Cr®*0,,
Cu?*Cr3*0,, Cr¥TAs® 10,

Cr%*As3t0,

Cu  CuO (19 + 2%) cu*'o Cu*"Cr3*0y, and Cu™Cr*t 0,
As  As3'Os (34 As3HOs, As3t0s, As*0,, claudetite
+ 4%) (As®F04)* (As3*03, monoclinic), and
arsenolite (As3 'O, cubic)
Ref  Bull[11] Bull[11,67] Hata et al.,[24,44,57,67]

reagent. Similarly, CuO remains in the treated wood as unreacted re-
agent [11,67]. During pyrolysis CrAsO4 decomposes to CryO3 and AsyOs
[24]. Then, Asy0s —unreacted and that resulting from the decomposi-
tion of CrAsO4— is reduced by reductive pyrolysis vapors to AsO3
which starts to sublime at approximately 150-200 °C and is gasified as
As40¢ at 330-400 °C [18, 25, 28, 33, 9]. For context, there are steep
thermal gradients within wildfires; ignition of woody materials typically
occurs at 250-350°C [20,5]; soil surface temperatures reach
500-700 °C in the presence of heavy fuel [20]; and maximum flame
temperatures are typically above 1000 °C [70]. In contrast, during the
incineration of CCA-treated wood, CuO and Cry03 form mixed oxides, e.
g., CuCrOy and CuCr,04 [39,67]. These oxides are widely synthesized by
mixing CuO and Cr,Os3 in stoichiometric amounts followed by calcina-
tion at 700-800 °C [12,35]. The dominant Cr, Cu, and As phases iden-
tified in the bottom ash of CCA-treated wood, include: CuCrOs, CuCry04,
Cry03, MgCry04, and K3Na(CrO4), (an analogue of aphthitalite, a sulfate
mineral) for Cr; CuCrO,, CuCry04, and Cu3(AsOy4), for Cu; and arsenate
phases with Cu and Cr as well as AsyO3 for As [39,67].

Altogether, TEM enables probable phase identification but does not
provide quantitative information on the relative abundance or number
concentration of the different phases in the fire ashes. An alternative/
complementary approach to TEM would be to use X-ray absorption
spectroscopy to better resolve the different phases and to provide more
quantitative information on the relative abundance of the different
phases [67]. Additionally, SP-ICP-TOF-MS measures the masses of all
elements in a single particle simultaneously, allowing the determination
of INM elemental composition, size distribution, and number concen-
tration. The former can be used to resolve the different mixed oxide
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phases as discussed below. Thus, when SP-ICP-OF-MS is coupled with
TEM, these techniques allow for identification of the elemental
composition, size, and number concentrations of INMs.

3.3. Elemental association and ratios in single particles

Among the 37 elements monitored for SP-ICP-TOF-MS analysis
(Table S5), 18 elements occurred at substantial number concentrations
(e.g, > 7 x10° particle g™}, Fig. 3a). Rare earth elements were rarely
detected in the ash samples and thus were not considered for further
analysis. Considering all elements, without taking into account the
occurrence of NMs as mmNMs, NMs detected the most are Cr followed
by Cu and As in A24, Cu and Fe in A125, and Fe and Ti in A96 (Fig. 3b).
Together, Cr, Cu, and As NMs account for 40-82% of all detected NMs in
the three ash samples, consistent with the contribution of these three
elements (28-93%) to the sum of measured element concentrations.
Chromium-bearing NMs occurred both as smNMs (22-31%) and
mmNMs (69-78%, Fig. 3c). In contrast, Cu- and As-bearing NMs
occurred predominantly as mmNMs (90-93% for Cu and 98% for As).
Considering the occurrence of NMs as mmNMs, Cr occurs in 86%, 84%,
and 52% of all NMs; Cu occurs in 63%, 67%, and 31% of all NMs; and As
occurs in 11%, 7%, and 6% of all NMs in A24, A124, and A96, respec-
tively (Fig. 3b). Together, these observations suggest that these ashes are
rich in CCA constituents (Cr, Cu, and As). Nonetheless, the three ashes
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also contain Fe, Sb, Mn, Si, Pb, Ba, Zn, Ti, Sn, Al, Zr, V, Nb, Co, and Ni-
bearing NMs (Fig. 3). A96 ash contains a significant number of Fe- and
Ti-bearing NMs, accounting for 20% and 14% of all detected NMs,
respectively.

Chromium-bearing NMs are associated mostly with Cu (ca. 51-72%),
Fe and Mn (6-40%), and As (8-12%) (Fig. 4a). Copper-bearing NMs are
associated mainly with Cr (85-92%), Fe (7-47%), Mn (8-44%), and As
(10-17%) (Fig. 4b). Arsenic-bearing NMs are associated with Cr (98%),
Cu (92-97%), Mn (27-79%), and Pb (24-73%) (Fig. 4c). These associ-
ations between Cr, Cu, and As indicate that they form mmNMs, in
agreement with the phases identified by TEM as well as with previous
studies demonstrating that Cr and Cu occur dominantly in the mixed
oxide phases, e.g,, CuCrO, and CuCry04 [67].

The molar ratios of Cr/Cu, Cr/As, and Cu/As in all CrCu, CrAs, and
CuAs-bearing mmNMs are presented in Fig. 5. The molar ratio Cr/Cu
show a broad distribution between 0.003 and 220, with median ratios of
1.0-2.0 and most ratios (e.g., 72-88%) between 0 and 3. These ratios can
be attributed to CuCrO, and CuCry04, whereas higher ratios can be
ascribed to aggregates of these phases with Cr-smNMs. The molar ratios
of Cr/As and Cu/As exhibit broad distributions between 0.2 and 120 and
0.1 and 240, with median ratios of 2.5 and 1.3, respectively. The low
values of Cr/As can be ascribed to phases such as CrAsO4 and CrAs»Og,
The higher ratios can be ascribed to the aggregation of Cr-, Cu-, and As-
bearing smNMs and mmNMs, as well as and the volatilization of As
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Fig. 3. Characterization of ash samples by single particle-inductively coupled plasma-time of flight-mass spectrometry (SP-ICP-TF-MS): (a) number concentration of
the detected nanomaterials (NMs), (b) within sample relative abundance of the metal-bearing NMs considering all signals as single-element single particles, (c)
relative abundance (%) of multi-metal nanomaterials (mmNMs) for each element, and (d) % of particles containing a given element.
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Fig. 4. Association of (a) Cr, (b) Cu, and (c) As with other elements in multi-metal nanomaterials (mmNMSs)s extracted from the fire ashes.

during the combustion of CCA-treated wood. These findings are
consistent with the Cr-, Cu-, and As-phases identified by TEM.

3.4. Clusters of NMs

Eight major compositional clusters of NMs were identified in A24
and A125, and 13 in A96 (Fig. S8a). They include Cr, Cu, Ni, Al, Fe, Mn,
Ti, Zn, Si, Sn, Sb, Ba, and Zr-rich particle clusters. Chromium, Cu, and As
occur as major elements in some clusters but are also scattered as minor
constituents in other clusters, such as Al-, Si-, Fe-rich mmNM clusters.
The occurrence of Cr, Cu, and As as a minor phase in Al-, Si-, and Fe-rich
mmNM clusters is due to the heteroaggregation of Cr, Cu, and As-
bearing mmNMs with other mmNMs, such as Al, Si, Fe, and Ti. This is
the case particularly for A96, which is characterized by light green/gray
color, whereas A24 and A125 are characterized by darker green colors
(Fig. S2), indicating the higher contribution of CCA byproducts in A24
and A125. This is also consistent with the total elemental concentra-
tions, which show that Cr, Cu, and As account for 93% in A24 and 83%
in A125 of the total masses of measured elements. In contrast, Cr, Cu,
and As account for only 24% of the total measured element masses in
A96. The second stage clustering generated 14 major clusters (Fig. S8b
and S9), including Si, Ti, Ba, Fe, Ni, Sb, Al, Sn, Cr, As, Cu, Mn, and Zn-
rich particle clusters. The CrCuFe cluster accounts for 97% of mmNMs in
A24 and A125 and 47% in A96 (Fig. S10). The TiFeCr cluster accounts
for 32% of mmNMs in A96 and < 2% in A24 and A125. The FeNiCr
cluster accounts for 12% of mmNMs in A96 and < 1% in A24 and A125.
The CuFeCr accounts for 3.4% in A96, 0.64% in A24, and 0% in A125.

The Cr/Cu and Cr/As molar ratios in the Cr, Cu, and As-bearing

mmNM clusters are presented in Fig. S11. The molar Cr/Cu ratio in
the CrCuFe cluster ranges from 0.25 to 332 with a peak Cr/Cu of 1.0
(Fig. S11a). The molar Cr/As ratio in the CrCuFe cluster ranges from 1 to
1000 with a peak centered at 4.0 (Fig. S11b). Based on these ratios, this
cluster contains a mixture of CrCuOg, CuCr04, and aggregates of Cr, Cu,
and As-smNMs and mmNMs. The molar Cr/Cu ratio in the CuFeCr
cluster ranges from 0.2 to 1.4 (Fig. S11c) and is most likely attributed to
CrCuO, mmNMs forming heteroaggregates with Fe-bearing NMs. The
Cr/As ratio in the AsCrCu cluster ranges from 0.4 to 3.0 (Fig. S11d) and
thus is ascribed to CrAsOg4.

To further understand the Cr, Cu, As associations within mmNMs, the
two-stage clustering analysis was performed again on Cr, Cu, and As
bearing mmNMs only. Seven clusters, including three CrCuAs, one
CuCrAs, one CrAsCu, one AsCrCu, and one AsCu were identified
(Fig. 6a). The mean mass fractions of mmNMs in each cluster, the
number concentration of mmNMs in each cluster of the identified
mmNM clusters are presented in Fig. 6, and the probable phase for each
cluster is presented in Table 2. Three clusters, including two CrCuAs
with different elemental compositions and a CuCrAs clusters (cluster 1-3
in Table 2) account for > 95% of Cr, Cu, and As INMs in the three ashes.
Based on the Cr/Cu molar elemental ratios (Table 2), the first cluster is
ascribed to aggregates of Cr, Cu, and As-bearing smNMs and mmNMs
and accounts for 38-73% of all Cr, Cu, and As mmNMs in the three
ashes. The second cluster is ascribed to a mixture of CuCrO4 and
CuCry04 and accounts for 25-49% of all Cr, Cu, and As mmNMs in the
three ashes. The third cluster is also ascribed to CuCrO5 and accounts for
2-9% of all mmNM:s. It is worth noting that the extensive aggregation of
Cr, Cu, and As smNMs and mmNMs illustrated by TEM hampered the
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the standard deviation of the mass fractions of the individual particles measured by SP-ICP-TOF-MS.

categorical classification of mmNMs (e.g., CuCrO4 vs. CuCr204). Such a
limitation could be overcome by further breaking down aggregates into
their primary forming particles. Overall, these findings are consistent
with previous studies demonstrating that Cu and Cr present in CCA-

treated wood ash coexist predominantly in the two oxide phases:
CuCry04 and CuCrO-, [67]. The differences in the abundance of CuCry04
and CuCrO; in the fire ash might be attributed to differences in the fire
conditions, such as fire temperature and duration. Chemical equilibrium
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Table 2
Molar elemental ratios in Cr, Cu, and As bearing multi-metal nanomaterials
(mmNM) clusters and the probable phases in each cluster.

Journal of Hazardous Materials 445 (2023) 130608

model calculations demonstrate that, in the residual ash, Cu forms
CuCry04 at low to medium temperatures (e.g., 400-900 °C), CuCrO; at
high temperatures (e.g, > 900 °C), and minor amounts of CuO at me-

Cluster Cluster ~ Median Median Relative Probable phase dium temperatures (e.g., 700-900 °C) [39]. Besides copper chromium
# Cr/Cu Cr/As abundance oxides, Cr also forms CryO3 at high temperatures (> 900 °C). However,
1 CrCuAs  2.1-17.2 3.7-38.0  73%inA24  Aggregates of Cr, experimental combustion of CCA-treated wood demonstrated the
50% in Cu, and As occurrence of mixtures of the different Cr, Cu, and As phases at low and
Al25 smNMs and high temperatures due to local temperature variations during the com-
% 1 . PO . . .
38%in A%  mmNMs bustion process; this is likely owing to the fact that actual particle
2 CrCuAs 1.3-1.6 8.5-33.5 25% in A24 CuCrO, + As- . o .
49% in phases burning temperatures are significantly higher than the measured
A125 furnace temperatures [39].
49% in A96 The particle size distributions of all Cr-, Cu-, and As-bearing NMs are
3 CuCrAs  0.2-0.8 1.4-20.1 f"/l";n.Az“ Agg&gate of presented in Fig. 7, assuming single element compositions and one phase
Aﬁzg m STNMS of Cry03, CuO, and AsyOs3. These size distributions cover a broad range
8.6% in A96 of sizes of 60-1000 nm, with 15-52% of Cr-bearing NMs, 44-55% of Cu-
4 CrAsCu  1.8-5.7 1.35-2.2  0.15% in CryAs4012 bearing NMs, and < 4% As-bearing NMs within the nano-size range (e.g,
Al25 < 100 nm). These sizes are in general agreement with the aggregate
3% in A9 sizes, but much larger than the primary NM sizes as measured by TEM.
5 CrCuAs  1.2-1.5 2.4-2.7 0.03% in CuCrO, + As- . . . , 0
A125 phases A96 contains a higher fraction of particles < 100 nm (e.g., 52% of Cr,
1.0% in A96 55% of Cu, and 4% of As) than A24 and A125 (15-17% of Cr, 44% of Cu,
6 AsCrCu  1.22-3.54  0.7-0.8 0.5% in CrAsO,4 and 0-0.3% of As). These differences in mmNM sizes might be attributed
A125 to differences in fire conditions.
0.7% in A96
7 AsCu 0.03% in
A125 4. Conclusions and environmental implications
This study presents a comprehensive characterization of three
wildland-urban interface (WUI) fire ash samples collected from burned
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Fig. 7. Particle size distribution of (a) Cr, (b) Cu, and (c) As-bearing nanomaterials (NMs).



M. Alam et al.

residential structures following the 2020 LNU Lightening Complex fire
in California and suspected to be derived from the combustion of
chromated copper arsenate (CCA)-treated wood, using state-of-the-art
analytical methodologies, including TEM and SP-ICP-TOF-MS.
Together, Cr, Cu, and As concentrations account for 24%, 83%, and
93% of the total mass of measured elements in the three ashes, consis-
tent with origin from CCA-treated wood. The authors are not aware of
any previous detailed studies of ash derived from CCA-treated wood in a
field setting. TEM analyses indicate that Cr, Cu, and As occur as heter-
oaggregates of single-metal and multi-metal nanomaterials (smNM and
mmNM) with potential matches to the following phases: CrOs, CrOo,
eskolaite (CrpO3), CuCrO,, CuCry04, CrAsQO4, CrAs;Og, AsyOs, AsO,
claudetite (Asp03. monoclinic), and/or arsenolite (AsyOs, cubic). SP-
ICP-TOF-MS analyses reveal that Cr occurs as a mixture of smNM and
mmNM containing Cr, Cu, and As; Cu occurs predominantly as mmNM
containing Cr and As; and As occurs exclusively as mmNM containing Cr
and Cu. Hierarchical clustering analyses uncover several Cr, Cu, and As
clusters. The molar ratios of Cr/Cu and Cr/As within these clusters are
consistent with the phases identified by TEM as well as their hetero-
aggregates, in particular CuCrOs, CuCry04, and CrAsO4. These mmNM
clusters account for the majority of the number of Cr, Cu, and As
mmNMs. Thus, this study demonstrates that WUI fires transform CCA
initial constituents (CrO3, CuO, and As;Os) into new INM phases (e.g.,
CuCrO,, CuCry04, and CrAsQ4) and result in their release into the sur-
rounding environment, where they may pose human health risks. For
instance, Peters et al. [53,54] report on a clinical case of As poisoning of
a family living in rural Wisconsin who had used CCA-treated plywood as
a source of fuel for their woodstove [53,54]. The environmental risks of
fire ashes are not well characterized, and include release, transport and
exposure to transformed metal phases of variable bioavailability. This
study also provides a comprehensive approach for the characterization
of CCA-treated wood ashes and for tracking CCA constituents in envi-
ronmental systems based on multi-element analysis using
SP-ICP-TOF-MS.

Ash, and its associated contaminants, present health risks to people
(e.g., fire recovery workers, residents) and communities through direct
and indirect ingestion, inhalation, and absorption. People are likely
exposed to INMs in the fire ashes through disturbance and resuspension
of the ashes (e.g., from walking, cleaning, wind), which may be inhaled
[1]. Additionally, wind transfers ashes from one location to another, and
rainfall generates runoff that transports ashes and associated NMs into
surrounding soils and surface water bodies, where they may pose po-
tential threats to environmental and human health. 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
[22,65]. Additionally, ashes of CCA-treated wood could be more toxic
than those of untreated wood. For instance, both untreated and
CCA-treated wood ash presented a carcinogenic risk for the same cell
line (A549), with higher effects of CCA-treated wood ash [19,49].

Furthermore, several studies demonstrated the potential release of
Cr, Cu, and As from CCA-treated wood and the subsequent environ-
mental and human health effects — such as neurotoxicity, carcinoge-
nicity, and cell pathophysiology — mainly due to the toxic effects of As,
Cu, and/or Cr [34,43,40,41,42,49,59]. The risk could be even higher
when treated wood is burned likely due to transformation of CCA con-
stituents (CrOs, CuO, and As;Os) into new INM phases (e.g., CuCrOs,
CuCr,04, and CrAsO4) which might possess higher reactivity, bioavail-
ability and/or toxicity compared to the initial CCA constituents. For
instance, some of the identified INMs (e.g., CuCrO, and CuCr304) possess
(photo)-catalytic properties [32,55,71] and may play important roles in
catalyzing reactions in the environment and in organisms, such as the
degradation of organic matter and the decomposition of hydrogen
peroxide leading to the formation of reactive oxygen species, which in
turn induce oxidative stress, a well-known disease mechanism [21].
Other identified INMs (e.g., CuO, CrOs, CrO,, and Cry03) also could pose
risks to environmental and human health as discussed elsewhere [36,
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61].
Environmental Implication

This study reports the concentrations and nature of Cr, Cu, and As-
bearing incidental nanomaterials (INMs) in WUI fire ashes collected
from residential structures. The studied ashes contain mainly hetero-
aggregates of single and multi-element Cr, Cu, and As-bearing INMs,
including CrO3, Cr0O2, eskolaite (Cr203), CuCrO2, CuCr204, CrAs206,
As205, AsO2, claudetite (As203, monoclinic), or arsenolite (As203,
cubic), consistent with phases identified in CCA-treated wood ashes.
Thus, WUI fires can lead to significant release of a mixture of the initial
CCA constituents and their transformed byproducts in the form of INMs,
which may pose increased risks to environmental and human health.
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