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ABSTRACT

We investigated interfacial processes affecting metal mobility in wood ash burned
under laboratory-controlled conditions using aqueous chemistry, microscopy, and
spectroscopy analyses. Wood was collected from the Valles Caldera National Preserve
in New Mexico, which has experienced two wildfires since 2011 that have caused
devastating effects. Wood samples (e.g., Ponderosa Pine, Quaking Aspen, and Colorado
Blue Spruce) collected from this site were exposed to temperatures of 60°C, 350°C and
550°C. Pine ashes burned at 350°C and 550°C were associated with high concentrations
of metals (i.e., Cu, Cr, Si, Ni, Fe, K and Mg). Pine ash burned at 350°C had the highest
content of Cu (4997 + 262 mg kg!), Cr (543 + 124 mg kg™!), and labile dissolved
organic carbon (DOC, 11.3 + 0.28 mgL!). Metal sorption experiments were conducted
by reacting 350°C Pine ash separately with 10uM solutions of Cu(II) and Cr(VI), as
examples of a cation and an oxyanion found in high concentrations in water following
wildfire events near VALL. High decreases in Cu(II) concentration (up to 92%) was
observed in solution while Cr(VI) showed limited decrease (up to 13%) in concentration
after 180 mins of reaction. X-ray photoelectron spectroscopy (XPS) analyses detected
increased association of Cu(II) on the near surface region of the reacted ash from the
sorption experiments compared to the unreacted ash. The results from this investigation
suggest that dissolution and sorption processes should be considered to understand the
transport of metals in water following wildfires. This study provides relevant insights
about the potential effects of metals transported by wood ash on water quality that have

important implications for post-fire recovery and response strategies

Keywords: Wildfires, Wood Ash, Metal Reactivity, Dissolved Organic Carbon, Metal
Mobility, Metal Sorption, Post-fire Recovery, Valles Caldera National Preserve
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JUSTIFICATION OF WORK PERFORMED

Post-fire storm events in watersheds can cause the transport of wood ash into nearby streams, which
has detrimental impacts on water quality. In the United States, the forests in the southwestern regions
have seen increased occurrences of large intensity wildfires because of worldwide effects of climate
change.!? The Valles Caldera National Preserve (VALL) in north central New Mexico is an example of a
site with frequent wildfire activity in recent years.* Two major wildfires have affected the East Fork
Jemez River watershed in VALL since 2011: (1) The Thompson Ridge wildfire burned 23,965 acres in
VALL in 2013° and (2) The catastrophic Las Conchas fire, one of the largest in New Mexico history,
which burned over 156,000 acres in the Jemez Mountains in 2011.° Post-fire runoff of debris and ash in
the Rio Grande, following thunderstorms over the burned area, caused turbidity peaks of over 1000
nephelometric turbidity units (NTU) and sags in dissolved oxygen (DO) and pH.” The total concentration
of Al and Cu in the Rio Grande following the Las Conchas fire were above aquatic life criteria for both
metals.® Additionally, post fire runoff caused the transport of organic matter and nutrients (6 x
background levels for NO3-N and 100 x background levels for PO4) with debris and ash in the VALL,
which significantly affected the quality of water supplied to nearby communities.”’ Information on the
composition and reactivity of metals associated with wood ash is important to better understand the

potential impacts on water quality and assess the viability of current treatment methods.

While previous studies have characterized metals and organic matter in wood ash and soil,'%-13- 707!

the specific mechanisms controlling postfire metal mobilization remain poorly understood. Elevated
concentrations of metals have been observed in sediments and surface water in fire-affected watersheds,
for several months after the fire events.'*!” Recent studies have linked water extractable organic matter
(WEOM) from burned soil'®!® and ash' to the formation of disinfection byproducts (DBPs).2*-*!
Temperature is a particularly important factor that affects the elemental composition and mineralogy of
wood ash.?>?* For example, a previous study from our group identified the presence of Ca, Mg, Al, Fe
and Mn as metal-bearing carbonate and oxide phases in wood ash burned at 550°C."? Results from
laboratory batch experiments suggest that these metal-bearing phases are readily water soluble, but the re-
adsorption of these metals to ash can occur in later times of the experiments.'? Although this study
provides valuable insights to the presence of metal-bearing phases in the ash and their potential effects on
metal re-adsorption, knowledge of the specific processes affecting metal dissolution and sorption in wood

ash is still limited.

More mechanistic investigations have been reported in the literature related to the reactivity of

biochar, a material similar to wood ash in composition.?>?® Biochar is a natural sorbent and increasingly is
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applied in environmental remediation of organic and inorganic contaminants.?”?’ The sorption of Cu(II)
to organic functional groups of biochar in water can occur at pH below 7.3 However, Cu-associated
phases like azurite (Cu3(COs)2(OH),) and tenorite (CuO) precipitate within the biochar surface at pH
higher than 7.3° Sorption between positively charged ions and negatively charged biochar is an effective
mechanism for immobilizing metals in soil.?>!*2 The immobilization of Cr(VI) through biochar sorption
is reduced significantly at pH 5 and above due to the negative charge of chromate oxyanions and the
biochar surface.** 335 Enhanced sorption of other oxyanions like As**37 and Sb*® has been observed in
biochar-treated soil. Similar mechanistic studies are necessary to identify sorption, precipitation, and

dissolution reactions facilitated by wood ash that can affect post-fire metal mobility.

The main objective of this study is to investigate the interfacial processes affecting wood ash
reactions with water by integrating laboratory experiments, spectroscopy, microscopy, and aqueous
chemistry methods. Soil and surface water chemistry from burned areas of VALL provide environmental
context for the study. The release of metals and dissolved organic carbon (DOC) was assessed in batch
experiments reacting laboratory-burned wood ash with water. Additional experiments were conducted to
investigate sorption processes that affect ash-metal interactions. The focus of this study is to identify
interfacial physical-chemical processes that have not been extensively studied in the existing wildfire
literature. The results from this investigation have relevant implications for the improvement of post-fire

responses in affected watersheds.



REVIEW OF METHODS USED

Field Sampling and Ash Preparation

The East Fork Jemez River and adjacent areas were affected by the Las Conchas and Thompson
Ridge wildfires in 2011 and 2013. There is a lack of information about distribution of metals in soils,
water, and wood from the VALL. Water and soil sampling were done to assess the current availability of
metals in this fire-affected watershed. Wood was collected from a nearby unburned area to experiment
with laboratory burn temperatures. Additional details about sampling methods are provided in the
Appendices section. Surface water samples were collected as grab samples in 125 mL polypropylene
bottles after three rinses. Samples for dissolved metals analysis were filtered through a 0.45 um filter.
Samples for metals’ analysis were acidified to a pH of 2 with nitric acid. Soil samples were collected

using a soil auger down to 6 inches and homogenized prior to preparation for analysis.

The vegetation in the VALL is dominated by different species of pine, spruce, aspen, and oak.*
Wood samples of Ponderosa Pine, Colorado Blue Spruce, and Quaking Aspen were collected from higher
elevation mixed coniferous forest areas that have a fire disturbance history from Las Conchas and other
fires.!>*° This area in VALL is also densely forested, undergoes prescribed burns periodically, and
accounts for approximately 25% of the precipitation volume in the Caldera.*! From this point on, we will
call these tree species simply pine, spruce, and aspen. The collected wood samples were crushed and then
oven dried at 60°C for 48h before burning. The dried samples were burned in a laboratory muffle furnace

at 350°C (moderate burn) and at 550°C (high burn) for 4 hours to prepare ash.

Acid Digestion and Solution Chemistry Analyses

Wood samples were acid digested in triplicates (n = 3) at 95° C for 4 hours using Aqua Regia [2 mL
HNO; (67-70%) + 6 mL. HCI (34-37%), trace metal grade]. Following heating, acid extracts were diluted
with 18MQ water to reach a volume of 50 mL. Processing of all aqueous samples (water, soil and wood)
for this study was done by filtering through a 0.45 um filter, acidifying with 2% HNO3, and refrigerating
at 4°C until further solution chemistry analyses. Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES, PerkinElmer Optima 5300DV) was used for detection of concentrations of
major elements (Ca, Mg and K). Minor or trace elements were analyzed using Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS, PerkinElmer NexION 300D). Both the ICP-OES and ICP-MS
analyzed an internal indium standard and were calibrated using a 5-point calibration curve. The quality of
the results was ensured with proper quality control and quality assurance standards. The detection limits

for the ICP-OES and ICP-MS for specific elements are shown in Table S7. Dissolved organic carbon in



these samples was measured using a Shimadzu TOC-5050A TOC analyzer. The information in the

methods section has been illustrated in Figure 1.
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Figure 1. Materials and methods used for the analysis
Batch Experiments for DOC concentration and metal dissolution

For DOC dissolution experiments, batch reactors were operated in triplicates by reacting 0.1g sample
of 350°C and 550°C pine, spruce and aspen ash with 30 mL of 18MQ deionized water. Replicates (n=3)
were sampled at 0, 4, 24 and 72 hours and were analyzed using a Shimadzu TOC-5050A TOC analyzer,
following 5310-C persulfate-ultraviolet (UV) method.** For metal dissolution experiments, 0.1g samples
0f 350°C and 550°C pine ash were reacted with 30 mL of 18 mQ water. Samples were collected at 0, 4, 24
and 72 hours, centrifuged at 3000 rpm for 15 minutes and processed for further ICP analyses.



Batch sorption experiments of Cu(II) and Cr(VI) onto 350°C Pine Ash

Batch sorption experiments in triplicates were conducted to investigate the effect of 350” pine ash on
mobilization of Cu(II) and Cr(VI) in water. We selected Cu(II) and Cr(VI) as examples of a cation and an
oxyanion that could negatively impact surface waters. Additionally, elevated concentrations of these
metals were found in surface water following wildfire events near VALL.®* It is also worth noting that
Ponderosa Pine dominates the mixed coniferous forests, which reportedly constitute over 40% of the area
in Valles Caldera.* Thus, we considered 350°C Pine ash for these additional sorption experiments due to
its relevant implications for the study area. The Brunauer-Emmett-Teller (BET) specific surface area for
the 350°C and 550°C pine ash samples were measured using a Gemini 2360 V5 surface area analyzer. The
zeta potential, which measures the surface charge of a solid, of the 350°C pine ash was determined using a
Malvern Zetasizer. Stock solutions (1000 ppm) of Cr(IV) and Cu(Il) were prepared by dissolving
analytical grade (>99% purity) K,Cr,O7 and CuCl,.2H,0 in 18MQ water. For the experiment, 0.1g
sample of 350°C pine ash was reacted separately with 10 uM of Cu(Il) and Cr(VI) stock solutions mixed
in 50mL of 18MQ water. The concentrations of Cu(Il) and Cr(VI) were chosen to reflect levels measured
in water samples collected during storm events after the Cerro Grande fire.* The pH was adjusted to
7.0+0.2 using 2% HCI. Control experiments were done at pH 7.0+0.2 for Cu(Il) and Cr(VI). The S0mL
tubes were shaken at 30 rpm to facilitate the reaction. Samples were collected at 0, 4, 24 and 72 hours,
centrifuged at 6000 rpm for 3 min, and were processed for further solution chemistry analyses using ICP-

MS.

Solid Phase Analyses (SEM/EDX, EPMA, XRD, XPS)

Solid phase analyses were performed on the unreacted and reacted 350°C pine ash from the batch
sorption experiments by applying X-ray photoelectron spectroscopy (XPS), scanning electron microscopy
coupled to energy dispersive X-ray spectroscopy (SEM/EDX), electron probe microanalysis (EPMA), and
X-ray diffraction (XRD). Elemental composition and the oxidation states in the near surface (5-10 nm)
were acquired using a Kratos Axis DLD Ultra X-ray photoelectron spectrometer. A monochromatic Al
Ka source was used, operating at 225W with no charge compensation. The Cu 2p spectra from reference
Cu samples were used to identify the species of Cu present on the near surface region of the reacted ash
sample. Reference Cu samples [Cu metal, Cu(l, II) oxide and Copper(Il) carbonate basic] were purchased
from Sigma Aldrich, Strem Chemicals and Alfa Aesar respectively. All the chemicals were >99% pure
except the Copper(Il) carbonate basic (>95% purity). The high-resolution spectra, along with the binding
energies obtained for the Cu 2p regions for these reference materials, are shown in Appendix S9. Curve
fitting and quantification were performed using CasaXPS software. Spectra of all the samples were

calibrated using gold powder deposited on each sample with respect to the Au 4f peak position at 84 eV.
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Electron scattering background was removed using a Shirley background; curve fitting of spectra was
done using a 70% Gaussian/30% Lorentzian [GL (30)] line shape. Qualitative mapping of the ash samples
was done using an electron probe microanalyzer (EPMA) using wavelength dispersive X-ray
spectroscopy (WDS). A JEOL JXA-8200 Super-Probe was used, operating at 10 kV with a 10 um probe

diameter and 30 nA probe current.

Statistical Analysis

Univariate data analysis was performed using the statistical software R.* The statistical package in
OriginPro* was used for Principal Component Analysis (PCA). Due to the non-normality of the data,
nonparametric tests for differences in acid extractable metal concentrations (logio transformed to reduce
skewness in distribution) were performed to differentiate among 3 tree species (pine, spruce, aspen) and
among 3 temperatures (60°C, 350°C and 550°C). A Kruskal-Wallis test was performed to determine if the
tree species and the temperatures differ significantly (defined as p < 0.05) with respect to metal
concentrations (logjo transformed). The Wilcoxon rank sum test was used to do pairwise comparisons of
all the samples to test for significant differences between tree species and temperatures (defined as p <
0.05). PCA was performed to better understand the total chemical correlations among ash samples of all

tree species in triplicates and acid extractable metal concentrations.

DISCUSSION OF RESULTS AND THEIR SIGNIFICANCE

Water Quality and Sediment Data from Valles Caldera

The presence of Cu, Cr, Fe, Zn, and Mn was observed in water from the wildfire affected East Fork
Jemez River and in soils exposed to varying burn severities upslope from the East Fork Jemez River
headwaters (Table 1, Appendix A). Maximum total (non-filtered) concentrations of Cu (37.4 ug L'!) and
Fe (2650 pg L) in the water samples collected from site 2 and Zn (352 pg L), from site 3 were above
the United States Environmental Protection Agency (USEPA) standards for acute or chronic exposure
values for aquatic life in freshwater (Table 1, Appendix F). Total Cr (105 ug L) in the water samples
collected from site 2 exceeded the USEPA standards for acute or chronic exposure for both Cr(IIl) (74 pg
L) and Cr(VI) (11 pg L"). In a 2001 study by the New Mexico Environment Department, Al, pH,
dissolved oxygen (DO), and turbidity in the East Fork Jemez river were listed as exceeding the Total
Maximum Daily Load, while metals, such as Cu, Cr and Zn were found to be less than instrument
detection limit, **7 lower than found in this study. Average concentrations of major and trace elements

(mg kg!) in non-anthropogenically affected soils in the US estimated by Burt et al.*® (shown in Appendix
6



F) were used to evaluate the metal concentrations in the soil samples collected along the river reaches. Fe

was the most abundant metal with concentrations ranging from 4980 mg kg™ to 9850 mg kg™'. Cu

concentration in the collected soil samples from site V1, V2, and V3 ranges from 44.2 mg kg! to 261 mg

kg!, higher than the average Cu concentration (24.7 mg kg!) of non-anthropogenic affected soils in the

US (Appendix F). Concentrations of trace metals in water and soil near a burned watershed can increase

from the addition of ash and debris by storm water runoff. For example, after the Cerro Grande fire in

2000, elevated concentrations of total Cu (610 ug L") and total Cr (510 pg L) were measured in post fire

runoff water samples collected from the burned watersheds near Guaje Canyon, which is close to the Los

Alamos National Laboratory.* Additional laboratory experiments were done to determine the

concentrations of metals in oven dried wood and ash and to assess the reactivity of wood ash upon

reaction with 18MQ water.

Water elemental content (ug L)

. Alkalinity TOC Cu Cr Fe Zn Mn
Site pH 41
(mgL”)  mgcCL?Y Total Total Total Total Total
Site1 7.17-8.44 30.5-42.0 0.80-2.00 2.81-16.7 BDL®-105 289 -932 522-103 6.90-572
Site2 7.11 - 8.06 31.0-383 1.60-10.8 5.44-374 BDL-8.20 465-2650 41.4 - 335 8.83 - 146
Site3  6.55-7.66 24.1-438 4.00-103 7.93-234 BDL-484 38.2-677 57.4-352 1.58-392
Site4 6.48 -8.01 38.7-437 4.60-113 531-21.7 BDL-16.5 358 - 757 60.7-241 6.56-224
Site5 6.48-7 .97 33.8-409 320-11.0 BDL-252 BDL-11.5 331 -948 72.8-135 BDL-44.4
Soil sampling sites Soil elemental content (mg kg™)
Site V1 59.4-869 10.9-353 7800-9620 13.0-38.5 219-319
Site V2 713-899 9.25-204 4980-9850 10.2-314 50.8-194
Site V3 442-261 11.0-17.2 5050-7940 149-379 92.7-139
Site V4 7.16-175 581-133 109 - 221 19.5-352 260 -347
Site V5 597-18.6 4.96-152 86.4 - 190 22.2-54.2 179 - 344
Site V6 797-139 531-113 102 - 184 30.8-394  217-454

Aqueous and soil elemental content measured with ICP-OES and ICP-MS ®BDL = Below detection limit

Table 1. Elemental content of water (site 1 to 5) and soil (site V1 to V3) samples® from the East Fork
Jemez River within the Valle Grande area in VALL. Sites V4 to V6 contain soil samples from the hill
slope of the Sierra de Los Valles dome located near the headwaters of the river. Ranges of concentrations
(minimum to maximum) for each site are shown




Acid Extractable Metal Content in Wood Exposed to 60°C, 350°C, and 550°C

We compared the acid extractable metal contents using Aqua Regia in 9 samples (pine, spruce, and
aspen at 60°C, 350°C and 550°C, Figure 2). Acid extractable median metal concentrations at 350°C
(moderate burn) and 550°C (high burn) for all tree species (e.g., pine, spruce, and aspen) were
significantly higher (p < 0.05, Appendix B, C) compared to oven dried wood at 60°C (unburned). The
acid-extractable metal concentrations for all samples at 60°C, 350°C, and 550°C are shown in Appendix A.
Pairwise comparisons suggest that metal contents in oven dried wood at 60°C for pine, spruce and aspen
were not significantly different from each other (p > 0.05, Appendix B, C). Among the ash samples at
350°C and 550°C, pine and aspen were significantly different (p < 0.05, Appendix C) from each other
with respect to acid extractable metal concentrations. Principal Component Analysis (PCA, Appendix C)
suggests that 350°C and 550°C Pine ash samples were associated with high concentrations of most of the
metals (Cu, Cr, Si, Ni, Fe, K and Mg). High concentrations of Ca, Sr and Zn were associated with 350°C
and 550°C aspen ash samples, while 350°C and 550°C spruce ash samples were associated with high

concentrations of Mn, Al, and Fe.
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Figure 2. Acid-extractable concentrations (mean = SD) of 9 metals varied across different tree species of
(A) pine, (B) spruce and (C) aspen. The major elements (Ca, Mg and K) were predominant in all tree
species at 60°C, 350°C, and 550°C (Appendix A). Ash produced at both 350°C (moderate burn) and 550°C
(high burn) contained higher metal concentrations than in samples dried at 60°C (unburned) for all
species.

Major elements (Ca, Mg, K) were found to be predominant in oven dried wood (60°C) and in ash
samples (350°C and 550°C) for all tree species (Appendix A), consistent with findings for wood*’ and wood
ash'>® from previous studies. Pine ash showed higher concentrations with increasing temperatures for
major elements (Ca, Mg and K) and for heavy metals such Al, Fe, Mn, and Ni (Appendix A), consistent
with findings from a previous study conducted on Lodgepole Pine.’! The concentration of Cu in pine ash

(4997 + 262 mg kg at 350°C and 2765 + 302 mg kg! at 550°C) was higher than previously reported values

for Pine ash.'>*! Due to the dominance of pine tree species in the forests of western United States, much of




the existing literature has focused on the metal and dissolved organic carbon (DOC) composition of ash
produced from different species of Pine (e.g., Ponderosa and Lodgepole).!>!%5254 Given that the highest
concentrations for most metals were associated with pine, we conducted additional experiments with pine

ash to assess the release of dissolved organic carbon and other metals over time.

Metal and DOC Leachates from Pine Ash (350°C and 550°C) Reacted with Water

Metal leaching experiments were conducted to observe the dissolution and desorption of selected
metals (Cr, Ni, Fe, Cu, and Zn) in reaction with 350°C and 550°C pine ash in deionized water. We decided
to use de-ionized water as a proxy for pristine natural waters such as rainwater to understand potential
reactions after storm events. The data for metal concentrations in solution over time are presented in
Appendix K. Dissolution of metal-bearing phases caused a rapid increase in the pH of water, measured at
10.0 + 0.5 for the duration of the experiment. Less than 3% by mass [determined in acid extractable
analysis (Appendix A)] of Cr, Ni, Fe, Cu, and Zn were released in solution after 72 hours of reaction.
Metals like Cu, Fe, Zn, and Ni showed initial increase followed by decrease in metal concentration over
time for both the 350°C and 550°C pine ash. Limited fluctuations in the concentration of Cr released in
solution were observed over time (Appendix K). The high pH and alkalinity in these experiments
(Appendix K) are likely due to the dissolution of metal-bearing carbonate and oxide phases, such as
calcite, quartz, and whewellite [Ca(C,04).H,O], which were identified by XRD analysis in the unreacted
350°C Pine ash (Appendix L). A previous study from our group also identified the presence of calcite and

other metal-bearing phases in ash burned at 550°C.!?
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Figure 3. Dissolved organic carbon (DOC) concentration was measured in the leachates from the batch
experiments conducted with 350°C and 550°C ash samples of pine, spruce, and aspen. DOC concentration
(mg carbon L) at 0, 4, 24 and 72 hours (n=3) is shown here.



Higher DOC concentrations (4.25 to 11.3 mg carbon L) were detected after reacting 350°C ash with
18 MQ water, compared to DOC concentrations obtained for 550°C ash (1.27 to 2.77 mg carbon L)
(Figure 3). Among the ash samples, 350°C pine ash released the highest concentration of DOC after 72
hours (11.3+0.28 mg carbon L!). The decrease in DOC concentration from 350°C to 550°C ash suggests
that a greater loss of organic matter occurs at a higher burning temperature, consistent with findings from
previous studies.!®!? The range of DOC concentrations (1.27 to 11.3 mg carbon L) measured for 350°C
and 550°C ash samples in this study are consistent with those reported in previous studies from field '>!8
and laboratory studies.'” The alteration of DOM with increasing temperature from pine ash has been
1'54

studied previously. Wang et a
trihalomethane (THM) and chloral hydrate (CHD) with increasing temperature from 50°C to 400°C. The

observed decreased reactivity of the ash in forming DBPs such as

DOC loss at higher temperatures for ash in this study is comparable to that observed in laboratory heated
soil by Cawley et al.!” Thus, the temperature dependent variability for both ash and soil can have
implications in terms of variable loading of DOM and DBP precursors from different burn conditions
associated with wildfires and prescribed fires, as suggested by others.!*** Based on the statistical analyses
for the results from acid-extractable elemental analyses and the DOC concentration of leachates, 350°C

pine ash was selected for additional sorption experiments.

Sorption to 350°C Pine Ash

We further explored the sorption of Cu(Il) (a cationic metal) and Cr(VI) (an oxyanion) to wood ash
in batch sorption experiments. The 350°C pine ash was selected for the sorption experiments because it
had the highest concentration of Cu (4997 + 262 mg kg™!), Cr (543 + 124 mg kg!), and DOC (11.3 +0.28
mg carbon L") [Figure 1 and Figure 2]. Zeta potential measurements for the 350°C Pine ash showed
increasingly negative surface charge with increasing solution pH (AppendixA), similar to another carbon-
based material like biochar.>**° The surface area of Pine ash increased from 36.9 m*/g at 350°C to 294.4
m?/g at 550°C (Appendix D). Previously, Mendonga and others> reported an increase in surface area due

to creation of micropores for biochar burned at 400°C and 600°C.

We observed more than 80% decrease initially in Cu(Il) concentration in solution (Figure 3a), as
indicated by measured Cu(Il) concentration (103.6 + 3.1 pug L") after 5 mins of reaction and up to 92%
decrease after 180 mins of reaction. Cu(Il) concentration in the control (test tube with no ash) decreased
only 5%, to 601.2 + 53.8 pg L' after 180 mins of reaction from the initially added concentration of 635 pg
L. In experiments with Cr(VI), low decrease in Cr(VI) concentration was observed, as the measured
concentration after 180 mins was 451.7 + 7.8 ug L', representing only a 13% decrease from the initially
added Cr(VI) of 520 pug L! (Figure 3b). Cr(VI) showed negligible decrease in concentration in the Cr(VI)-

control experiment (Figure 3b).
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Figure 4. Results from the metal sorption experiments (n=3, sampling interval = 5 min, 15 min, 30 min, 1
hr, 2 hours, and 3hrs) conducted by reacting 10 uM of (a) Cu(Il) and (b) Cr(VI) separately in a solution
containing 0.1g of 350°C Pine ash with 50mL of 18MQ water. Results from the control experiments
without the ash are included in the figures (a) for Cu(Il) and (b) for Cr(VI).

The different response of Cu(Il) and Cr(VI) concentration during the sorption experiments suggests
that high Cu(Il) association to ash occurred due to possible electrostatic attraction of the positively
charged Cu(Il) to the negatively charged ash surface. The effect of sorption capacity of the carbonate
phases in wood ash in reacting with cations such as Ca*?, Mg, A1, Mn*2, Fe™, Pb*2, Cu*?, Zn*?, and
Cd** has been discussed in other studies.'*!® This is a relevant property of wood ash that should be
considered when investigating the persistence of metals such as Cu, Pb, Ni, Fe, and Zn associated with
ash and debris in wildfire affected watersheds, as reported in several post-fire investigations.>”>° The low
sorption of Cr(VI) observed in this study is consistent with other studies reporting low sorption rates for
As(V), Cr(VI) and Se(VI) to carbon based materials at pH 5.0 and above.®*-%2 For example, a recent study
by Alam et al. observed over 90% removal of Cd(II) and below 20% removal for Se(VI) at pH 6.0 and
above, using biochar as an adsorbent.®® At the experimental pH of 7.0 + 0.2 used in this study, Cr(VI) is
expected to exist in solution as stable oxyanion forms of chromate (CrO4>) and hydrogen chromate or
bichromate (HCrOxs).% Therefore, the electrostatic repulsion between the negatively charged ash surface
and Cr(VI) oxyanions can account for the low decrease in Cr(VI) concentration in solution. The
association of Cu(II) in the unreacted and reacted 350°C Pine ash solids were further analyzed using

microscopy and spectroscopy.

Solid Phase Analyses of Unreacted and Reacted 350°C Pine Ash
SEM analysis detected the presence of Cu on 350°C pine ash before and after exposure to batch
experiments (Appendix M). For example, EDS spectra of a Cu grain showed 69.51 weight % of Cu for
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the unreacted ash, and 63.55 weight % of Cu for the reacted ash. SEM/EDS results confirmed the high Cu
concentration (4997 + 262 mg kg'!) measured from the acid extraction analyses. Electron microprobe
mapping detected low level of Cu (0.012%) associated with the Ca*? minerals in the reacted ash
(Appendix N), and concentrations below the detection limit for the unreacted ash. The predominant form
of the Ca™? mineral is most likely calcite (CaCOs), given the presence of 76-78 wt% of calcite in the
reacted sample from the XRD analysis (Appendix L). Given that Ca is a macronutrient in plants, Ca*
minerals in the form of CaO and CaCOs are abundant across a variety of plant cells.®**> XRD analyses on
reacted and unreacted samples indicated the presence of quartz and calcite as predominant mineral phases
(Appendix L). While microscopy analyses identified the presence of Cu, it was challenging to obtain
specific information about the association of Cu on the reacted ash surface from these analyses. Thus,
additional analyses using XPS were done to measure the signal of Cu 2p on the “near-surface” region to

identify the possible association of Cu to ash after reaction in batch sorption experiments.
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1500 cuo () 1500 -|
1490 1 —— Cu0 (1) 1490 -
CuCO, (Il)
9 1480 | 2 1480 -
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1470 - 1470 |
1460 - 1460 |
\
1450 - 1450 |
1440 ; : r . . ) 1440 . . . . ; .
942 940 938 936 934 932 930 942 940 938 936 934 932 930
Binding Energy, eV Binding Energy, eV
c) % Content
Sample Cu0 (1) CuO (II) CuCOs (1)
Binding energy, eV 932.2 934 936
Unreacted 350°C pine ash BDL'! BDL! BDL'
Reacted 350°C pine ash 17.26 64.17 18.56
'Below detection limit

Figure 5. High resolution Cu 2p XPS spectra for the (a) Reacted 350°C Pine ash sample. (b) The spectra
for the unreacted 350°C pine ash sample was noisy and therefore, could not be fitted with curve fitting
analysis. (c¢) Percentages of different oxidation states in the Cu 2p spectra for the reacted ash determined
by using reference Cu 2p spectra for CuO, CuCOs, Cu,0O and Cu metal.

Results from a XPS survey scan revealed that 0.11% Cu 2p was present in the reacted ash,

suggesting that Cu is associated at the top 5-10 nm of the ash “near surface” region (Appendix E).

However, the Cu 2p % for the unreacted ash was below the detection limit (Appendix E). So, the high
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resolution Cu 2p peak obtained for the unreacted ash was noisy and could not be used for curve fitting
analyses (Figure 5). Curve fitting of high resolution XPS Cu 2p spectra obtained for the reacted sample
was conducted using reference spectra for CuO, CuCOs, Cu,0, and Cu metal as indicated in the Materials
and Methods section. Curve fitting analysis suggests that the main species of Cu present on the reacted
ash are: Cu(Il) in the form of CuO (64.2%) and CuCOs3 (18.6%), and Cu(]) in the form of Cu,O (17.3%)
(Figure 5).

The association of Cu on the reacted 350°C Pine ash near surface region suggests a likely surface
controlled process involved in the removal of Cu(Il) in the sorption experiments. Curve fitting analysis of
C Is high resolution spectra showed an increase in the percentages of C*-COy, C=0 and C-OH bonds in
the reacted ash (Appendix O). The presence of surface functional groups (-C=0, -COOH) in ash can act
as negatively-charged binding sites for positively charged cations. The removal of cationic metals such as
Cu*?and Cd*? through associations with surface functional groups of biochar has been discussed in the
literature.>*%¢-67 These properties are also relevant to better understand the effect of burned soil and ash on

post fire mobilization of heavy metals.

CONCLUSIONS AND RECOMMENDATIONS

The results from this investigation indicate how metal and DOC content associated with ash
burned at different temperatures (350°C and 550°C) can differ for spruce, aspen, and pine. This is
a relevant outcome that may have implications when considering the wide variation in vegetation
across large watersheds when assessing response to wildfire events. Ash burned at 350°C
contained higher DOC concentration in water compared to ash burned at 550°C. This observed
increase may have important implications in terms of increased DOC fluxes in post fire
watersheds from moderately burned ash and soil reported in previous studies.!>%® The batch
experiments conducted in 18 MQ water indicate that metals such as Cr, Ni, Fe, Cu, and Zn were
dissolved in the initial stages of the experiment, followed by decreases in concentration over the
duration of the experiment. This observation is consistent with a previous study suggesting that
metal (Ca, Mg, Al, Fe, and Mn) dissolution occurred in initial stages of the batch experiments
conducted with ash from pine, aspen and spruce trees from the Caldera, followed by re-
association of these metals to ash over time.'? Sorption experiments conducted in this study

indicate that up to 92% of Cu is removed from solution after 180 mins of reaction due to
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association of this metal in the 350°C Pine ash surface. A similar behavior is expected for other
positive cations such as Ca™, Mg"2, Zn™, Al", Fe*?, Cd"?, and Pb"? among others, as suggested
in other studies related to wood ash!?!* and biochar®® reactivity. The results from the metal
dissolution and sorption experiments in this study provide insights into the mechanisms of post
fire mobilization of cationic metals in burned watersheds. However, oxyanions such as Cr(VI)
are expected to have limited association to ash in natural pH conditions and are likely to have
higher mobility in watersheds affected by wildfires. Future experiments are necessary to study
metal reactivity in wood ash in dynamic flow conditions that allow interactions between ash and
sediments in water. This study provides relevant insights on water quality that could be

considered for post-fire response and recovery strategies from local authorities.

The current study had some limitations that are important to consider. First, the burning of
ash was conducted under controlled laboratory conditions. Thus, it is not possible to directly
extrapolate laboratory to natural burning conditions observed in wildfires. Nevertheless,
laboratory controlled studies on the release of metals and dissolved organic matter (DOM) from
ash'? and burnt soil'® have important implications for better understanding the mechanisms
related to post fire availability of metals and DOM. Additionally, the batch flow conditions in
this study are not representative of the dynamic flow conditions during post fire runoff of ash and
sediments. Future experiments are necessary to study metal reactivity in wood ash in dynamic
flow conditions to assess interactions between ash and sediments in water. This study provides
relevant insights on water quality that could be considered for post fire response and recovery

strategies from local authorities.

SUMMARY

The proposed objective is to investigate the effect of burning intensity on the mineralogy
and reactivity of metals associated with wildfire ash. The knowledge generated from this study is
vital for long-term recovery of ecosystem and management response after wildfire events. The
results from this study will enable the identification of negative effects of wildfires, which are
essential to improve post-fire recovery strategies, and to ensure the resilience of our forests and
water sources. The work reported in this study has been published in the journal Environmental

Science & Technology.”
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APPENDIX A. Acid extractable elemental content (mg kg 1) for wood samples (Pine, Spruce, Aspen) at 60°C, 350°C and 550°C. Data are

presented as Mean + standard deviation.

Acid Extractable Elemental Content (mg kg™!)

Temperature: 550°C

Sample Al Ca Cr Cu Fe K Mg Mn Ni Si Sr Zn
Pine 4138.40 181967.73 476.16 2765.07 5050.52  78075.67  27881.15 1575.62 803.60 814.26 505.93 938.27
s + s + + + s s + s s +
100.17 6195.55 9.12 302.26 767.95 1781.05 35.82 14.15 2281 93.11 1.75 4.94
Spruce 473425 164204.50 81.50 71.88 415438  33847.64 980735 3933.69 242.56 334.93 551.96 590.30
s + s b + + s s + s s b
64.55 3723.07 1.07 1.59 40.74 628.85 106.4 41.92 2.91 29.36 6.25 767
Aspen 177.41 307080.02 12.91 7242 238.57 47800.02  14193.24 175.14 277.82 289.68 1372.46 1209.62
s + s b + + s s b s s +
319 4896.33 2.01 1.62 145 728.85 129.61 0.74 1.64 1.58 15.07 12.29
Temperature: 350°C
Pine 2384.54 122157.57 54331 4996.51 4151.65 5582372 19205.62  1179.05 524.65 310.14 332.28 638.32
s + s + + + s s + s s +
96.48 4502.43 123.69 261.96 441.79 2122.64 747.69 61.36 101.22 18.17 12.89 2333
Spruce 4477.69 186287.82 112.24 81.47 3598.13 3726172 6168.71 4760.57 266.93 32253 646.79 799.14
s + s b + + s s + s s +
175.93 5459.71 3.06 542 908.11 1050.50 48.12 315.24 3.04 23.09 2732 3621
Aspen 184.81 294197.49 11.83 62.89 225.13 4515330  13275.79 182.36 264.34 241.02 1390.40 1206.46
s + s b + + s s + s s +
1.67 1343.51 0.13 0.60 472 242.64 73.52 1.08 352 576 3.89 8.47
Temperature: 60°C
Pine 91.1 9364.2 4.97 58.2 114.7 8696.5 466.3 59.6 6.1 202.8 13.1 233
s + s + + + s s + s s +
3.05 220.03 129 18224 45.69 35.69 8.47 281 025 11.56 0.61 1.81
Sprice 131.5 11294.7 12.9 4.6 198.9 8628.5 419.1 185.1 12.5 258.8 243 33.2
P + + + + + + + + + + + +
332 248 46 0.46 031 7.93 28.68 15.13 6.5 0.9 1.67 0.61 0.4
Aspen 22 22359.3 5.1 5.7 22.4 9709.04 858.5 10.6 17.9 23.7 86.8 78.6
P + + + + + + + + + + + +
1.15 565.51 0.03 0.88 8.53 25.86 422 0.15 0.82 39 035 1.49
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APPENDIX B. The Kruskal Wallis test was used to determine if significant differences exist (defined as p-value < 0.05) among the tree species
(Pine, Spruce, Aspen) at three temperatures (60°C, 350°C and 550°C) with respect to acid-extractable metal concentrations (logio transformed).
Individual contribution of the metals was not considered here due to the limited number of observations (n=3) for each metal. No significant
difference (highlighted, p-value =0.4007 > 0.05) were observed for Pine, Aspen and Spruce at 60°C. The limitation of the Kruskal Wallis test is
that it does not specify which specific sample is contributing to the overall difference. To address this, the Mann Whitney U test was done to do
pairwise comparisons among the samples

Comparison among Pine, Spruce and Aspen at 60°C, 350°C and 550°C (n=9)

Data ¥ statistic p-value
acid extractable element concentrations (logio 89.85 4982 x 10
transformed)

Comparison among Pine 60, Spruce 60 and Aspen 60 (n=3)

Data ¥’ statistic p-value
acid extractable element concentrations (logio 1.8293 0.4007
transformed)

Comparison among Pine 350, Spruce 350 and Aspen 350 (n=3)

Data ¥ statistic p-value
acid extractable element concentrations (logio 8.1227 0.01723
transformed)

Comparison among Pine 550, Spruce 550 and Aspen 550 (n=3)

Data 1’ statistic p-value
acid extractable element concentrations (logjo 9.5225 0.00855
transformed)
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APPENDIX C. The Wilcoxon rank sum test (Mann-Whitney U test) was used to do pairwise comparisons (n= 9 samples, °C,= 36 combinations

of pairs) of tree species (Pine, Spruce, Aspen) at 60°C, 350°C and 550°C to test for significant differences (defined as p < 0.05) in metal

concentrations (logio transformed). The individual contribution of the metals was not considered here due to the limited number of observations
(n=3) for each metal.

Serial No. Pair considered Diff. \%4 p-value Serial No. Pair considered Diff. W p-value
1 Aspen 350 — Aspen 60 1.078 990 1.20 x 10* 19 Pine 60 — Aspen 60 0.164 726 0.383
2 Aspen 550 — Aspen 60 1.108 991 1.15x10* 20 Spruce 60 — Aspen 60 0.331 765 0.190
3 Spruce 550 — Aspen 60  1.407 1043 8.87 x 10°¢ 21 Spruce 60 — Pine 60 0.642 690 0.103
4 Spruce 350 — Aspen 60  1.477 1053 5.22 x 10° 22 Aspen 550 — Aspen 350 0.021 672 0.793
5 Pine 350 — Aspen 60 1.678 1080 1.18 x 10 23 Spruce 550 — Aspen 350 0.401 788 0.117
6 Pine 550 — Aspen 60 1.748 1101 3.47 x 107 24 Spruce 350 — Aspen 350 0.462 798 0.092
7 Aspen 350 — Pine 60 0.761 960 3.38 x 10* 25 Pine 350 — Aspen 350 0.532 912 2.64x103
8 Aspen 550 — Pine 60 0.780 967 2.43 x10* 26 Pine 550 — Aspen 350 0.634 927 1.45x10*
9 Spruce 550 — Pine 60 1.261 1043 3.67 x 10 27 Spruce 550 — Aspen 550 0.371 775 0.155
10 Spruce 350 — Pine 60 1.284 1042 3.91 x 10 28 Spruce 350 — Aspen 550 0.434 783 0.130
11 Pine 350 — Pine 60 1.413 1110 3.06 x 108 29 Pine 350 — Aspen 550 0.542 911 2.75x103
12 Pine 550 — Pine 60 1.547 1133 4.36 x 10° 30 Pine 550 — Aspen 550 0.651 927 1.45x103
13 Aspen 350 — Spruce 60  0.774 903 3.73 x 107 31 Spruce 350 — Spruce 550 0.043 694 0.610
14 Aspen 550 — Spruce 60  0.777 910 2.86 x 107 32 Pine 350 — Spruce 550 0.140 738 0.316
15 Spruce 550 — Spruce 60  1.238 1008 2.91 x 107 33 Pine 550 — Spruce 550 0.324 783 0.130
16 Spruce 350 — Spruce 60  1.235 1008 2.91 x 10° 34 Pine 350 — Spruce 350 0.150 713 0.470
17 Pine 350 — Spruce 60 1.339 1114 2.21x 1038 35 Pine 550 — Spruce 350 0.282 76l 0.207
18 Pine 550 — Spruce 60 1.431 1134 3.99 x 10° 36 Pine 550 — Pine 350 0.150 738 0.316

p-value < 0.05 = Significant difference

p-value > 0.05 = No significant difference
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APPENDIX D. BET surface areas (m?/g) of the Pine ash samples

Sample BET surface Area (m?/g)
Pine Ash 350°C 36.91
Pine Ash 550°C 294.37

BET = Brunauer-Emmett-Teller-N. surface area
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APPENDIX E. Atomic content for the unreacted and reacted 350°C pine ash as determined by X-
ray photoelectron spectroscopy (XPS) survey scan.

% Atomic Content

Sample Cls Ols Cu2p
Unreacted 350°C pine ash 66.2 33.8 BDL!
Reacted 350°C pine ash 73.2 26.7 0.11
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APPENDIX F. Maximum Contaminant Level (MCL) and different standards for exposure limits set by USEPA for Cr, Cu, Fe, Mn, and Zn.
Additionally, average concentrations of these 5 metals in natural soils (without known anthropogenic additions) are also provided for comparison
with soil samples collected along the East Fork Jemez river ranges for this study.

Drinking Average
water Aquatic Aquatic Life concentrations of
standard- Drinking Surface water Life Freshwater ~ metals in non-
Maximum Drinking water human health for  Freshwater CCC anthropogenically
Contaminant water secondary  the consumption = CMC Acute Chronic affected soils in the
Level (MCL) action level standard of water + Exposure Exposure US (mg kg') by

Element (ng LY (ng LY’ (ng LY’ organism (ug L")’  (ugL™) (ng L Burt et al.’

Chromium (III) 570 74

Chromium (total) 100 88.7

Chromium (VI) 16 11

Copper (Cu) 1300 1300 2* 1.3 24.7

Iron (Fe) 300 1000 19000

Manganese (Mn) 50 50 62.6

Zinc (Zn) 5000 7400 120 120 589

References

(1) USEPA, Secondary Drinking Water Standards: Guidance for Nuisance Chemicals, accessed on Dec 22, 2017 at
https://www.epa.gov/dwstandardsregulations/secondary-drinking-water-standards-guidance-nuisance-chemicals

(2) USEPA, National Primary Drinking Water Regulations, accessed on Dec 22, 2017 at https://www.epa.gov/ground-water-and-
drinking-water/table-regulated-drinking-water-contaminants

(3) USEPA, National Recommended Water Quality Criteria - Human Health Criteria Table, accessed on Dec 22, 2017 at
https://www.epa.gov/wgc/national-recommended-water-quality-criteria-human-health-criteria-table

(4) USEPA, Fact Sheet: Draft Estuarine/Marine Copper Aquatic Life Ambient Water Quality Criteria, accessed on Dec 22, 2017
at https://www.epa.gov/sites/production/files/2016-08/documents/copper-estuarine-marine-draft-factsheet.pdf

(5) Burt, R.; Wilson, M.; Mays, M.; Lee, C., Major and trace elements of selected pedons in the USA. J. Environ. Qual. 2003, 32,
(6),2109-2121.
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APPENDIX G. Detection limits for analyses using: a) inductively coupled plasma optical emission
spectrometry (ICP-OES), and b) inductively coupled plasma mass spectrometry (ICP-MS).

a) ICP-OES

Element IDL (mg L) MDL (mg L)
Al 0.0280 0.0280

Ca 0.0100 0.0100

Cu 0.0054 0.0054

Fe 0.0062 0.0062

Mg 0.0030 0.0030

Mn 0.0014 0.0014

Ni 0.0150 0.0150

Pb 0.0420 0.0420

AV 0.0064 0.0064

/n 0.0018 0.0018

b) ICP-MS

Element IDL (mg L) MDL (mg L)
Cu 0.004 0.009

Ni 0.006 0.02

Pb 0.0003 0.0004

Vv 0.006 0.01

/n 0.04 0.1

**[DL = Instrument Detection Limit

**MDL = Method Detection Limit
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Wood Sampling

Thompson Ridge and Sample Latitude Longitude

i g Pine 3586175  -106.60199
Spruce  35.86430  -106.61074

S| Hig Aspen  35.90903  -106.61167
Low
Moderate .
Unchanged Water Sampling
__\VCNP Site Latitude Longitude
Boundary 1 35.86603  -106.45366
2 35.86211 -106.45808
(C) site v4 to V6 contain 3 35.85827 -106.47035
soil samples from the hill 4 35.85579 -106.47388
slope of the Sierra de Los
(A) Wood samples of Valles dome located near 5 35.85467 -106.47750
Ponderosa Pine, the headwaters of the
Colorado Blue Spruce East Fork Jemez river Soil Sampling
o e % Site Latitude  Longitude
Valles Caldera for ) V1 35.86603 -106.45366
[aboratary cxperiments | (B) During July, August, September, and October of V2 3585827 106.47035
at 60°C. 350°C and | 2016, water samples were obtained from five . - .
5500C ’ ifferent sites and soil samples (from channel and V3 35.85467 -106.47750
both banks) were c.ollected at sites V1, V2, ar!d V3 to V4 35.90417 -106.41451
assess water chemistry and metal concentrations.
V5 35.90326 -106.41623
Vo6 35.88911 -106.41855

APPENDIX H. Map showing the sampling locations for (A) wood, (B) water and soil and (C) soil samples in Valles Caldera. The co-ordinates of
the sampling locations are shown beside the map. This site map is adapted from the map published in a previous study by Cerrato et al.'

Reference

(1) Cerrato, J. M.; Blake, J. M.; Hirani, C.; Clark, A. L.; Ali, A.-M. S.; Artyushkova, K.; Peterson, E.; Bixby, R. J., Wildfires and water
chemistry: effect of metals associated with wood ash. Environ. Sci. Process. Impacts. 2016, 18, (8), 1078-1089.
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q 2 4 6 8 10 12

-4

Zeta Potential (mV)

N N
EN N o o] ()]
v 1 N 1 N 1 N 1 N 1

Equilibrium pH

APPENDIX I. Zeta Potential (mV) measurements of the Pine 350°C ash in different solution pH values.
A Malvern Zetasizer Nano-ZS equipped with a He-Ne laser (633nm) and non-invasive backscatter optics
(NIBS) was used for the measurement. The reported values are the average of three independent samples.
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APPENDIX J. Principal component analysis was run on metal concentrations for 350°C and 550°C triplicate measurements of ash samples (Pine,
Spruce, Aspen). The first two principal components explained 91.34% of the total variance. The metals such as Al, Cr, Cu, Fe, Mn, and Si showed
high positive loadings on PC 1; and PC 2 showed high positive loadings for the major elements (Ca, K, Mg) and metals such as Ni, Sr, and Zn.

Coefficients of the metalsfor the principal components are shown in the table. The figure also shows the component scores of the Pine, Spruce and

0.6

0.2

0.0

Coefficients Coefficients

of PC 1 of PC2
Al | 0.32329 -0.2157
Ca | -0.33562 0.14808
Cr | 0.36557 0.03147
Cu | 0.29553 0.26884
Fe | 0.34826 -0.15737
K 0.15423 0.47189
Mg | 0.12975 0.46318
Mn | 0.26729 -0.32558
Ni | 0.26484 0.35895
Si | 0.24515 0.2337
Sr | -0.35604 0.08592
Zn | -0.26742 0.31536

Aspen ash samples. 350°C and 550°C Pine ash samples had positive scores on the both the principal components.
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APPENDIX K. Concentrations of (¢) Fe, Cu, Zn, and (d) Cr, Ni at 0, 4, 24, and 72 hours in reaction of
550°C Pine ash with 18 MQ water. In figure (e) and (f), metal concentrations are given for the reaction of
350°C Pine ash with 18 MQ water. pH and alkalinity measured at 0, 4, 24 and 72 hours are shown in
figure (a) and (b), respectively. In figure (a), the open symbols represent the pH of 18MQ water.
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a) C = Calcite
Q w Q = Quartz

W = Whewellite
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C = Calcite
w Q = Quartz
W = Whewellite

Intensity

]

e S LU LA
10 20
Compound Name Unreacted Ash Reacted Ash
(atomic wt.%) (atomic wt.%)
Calcite (CaCOz3) 79% 78%
Quartz (Si02) 12% 11%
Whewellite (Ca(C204).H20) 9% 11%

APPENDIX L. XRD patterns of the (a) reacted and the (b) unreacted 350°C Pine ash sample from the
batch sorption experiments with Cu(Il). The two samples are very similar in terms of crystalline
composition which is predominantly calcite (78-79 %) with lesser amounts of quartz (11-12 %) and
whewellite (9-11 %).
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m Element Conc. Units
_ C 7.16 wt.%
i (Cnts (0] 12.60 wt.%
Mg 2.91 wt.%
P 1.34 wt.%
S 0.98 wt.%
L.OK+ Ca 3.09 wt.%
K 1.87 wt.%
Si 0.36 wt.%
Al 0.21 wt.%
Cu 69.51 wt.%
Total 100.0 wt.%
AN
Cnts & Cu g
N Element Conc. Units
1 C 21.42 wt.%
6.0K (0] 1.33 wt.%
Si 0.59 wt. %
4.0K | P 0.96 wt. %
S 7.66 wt. %
Ca 3.32 wt.%
2087 Fe 1.17 wt.%
Cu 63.55 wt.%
Total 100.0 wt.%

APPENDIX M. SEM images of the (a) unreacted and the (b) reacted 350°C Pine ash from the batch
sorption experiments with Cu(Il). EDS spectrum from a Cu grain on both the ash samples shows the

presence of Cu peaks. The atomic wt.% distribution for the respective spectrum is also shown here.
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ion [red circled in figure (a)] of the reacted ash

K
(d) (wt%) Ca (wt%) Mg wt%) Cuwt% Si (Wt%) S (Wt%) P (wt%) O (Wt%) C (wt%) Total (wt%)
Average of 7 reference 0.03 16.96 0.02 0.01 0.01 0.01 0.10 46.43 14.82 78.38
lines (Reacted sample)
Average of 7 reference 0.14 17.56 0.01 BDL" BDL 0.05 0.01 46.27 14.69 78.73

lines (Unreacted sample)
*BDL = Below detection limit at 95% confidence interval

APPENDIX N. Microprobe mapping of Mg, P, O, Ca, and Cu on the (a) reacted and (b) unreacted 350°C Pine ash. Microprobe analysis showed
the presence of low levels of detectable Cu associated with mineralized Ca in the reacted ash, shown in figure (c). In table (d), the wt% of the
elements associated with the mineralized Ca region is shown. At the 95% confidence level, the Cu in the reacted sample is detectable at 0.012 wt%
but is below the detection limit in the unreacted sample. The detection limit for Cu at 95% confidence level was 0.009 wt%.
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3000

a)

3000 b)
= Experimental Spectra = Experimental Spectra
25001 ___ Fitted Spectra 25001  ___ Fitted Spectra
C-C/C=C C-C/C=C
— C*-CO, — C*-CO,
2000 c=0 20004 —— c=0
C-OH C-OH
»n
g 1500 0. 1500
(@) (6]
1000

1000

0

T T T T T T T

292 290 288 286 284 292 290 288 286
Binding energy, eV

Binding energy, eV

€) Percentages of surface carbon bonds determined from curve fitting of C 1s
high resolution XPS spectra

C-C% C*-COx % C=0% C-OH %
Binding energy, eV 285 285.6 287.5 289.5
Untreated ash 353 16.8 4.7 9.4
Reacted ash 25.3 24.2 11.9 11.8

APPENDIX O. XPS high resolution C 1s spectra for the (a) Unreacted 350°C Pine ash sample, and (b)
the reacted 350°C Pine ash sample. (c) Percent compositions of the C 1s spectra for the unreacted and the
reacted ash.

36



26000 - a) Cu metal

24000 ~
22000
20000
2]
0. 18000
(@)

16000

12000

10000

Binding energy, eV

c) CuO (ll)
20000 —

18000

16000

CPS

14000

12000

10000

8000

T T T T T T T T T
948 946 944 942 940 938 936 934 932 930

T T T T T T T T T
946 944 942 940 938 936 934 932 930

Binding energy, eV

18000

16000 —

o 14000 +

CP

12000

10000

b) Cu,0 (1)

22000 ~
20000 -
18000

¢ 16000 -
o

T T T T T T T T
946 944 942 940 938 936 934 932 930 !

Binding energy, eV

d) cuco, (Il

T
950 948 946 944 942 940 938 936 934 932 93
Binding energy, eV

(e) Binding energy values obtained for reference samples using XPS high resolution Cu

2p spectra
Reference Samples Binding Energy (eV)
Cu metal 932.8
Cu20 () 932.4
CuO (1I) 934.9
CuCO; (III) 935.7

APPENDIX P. XPS high-resolution Cu 2p spectra for (a) Cu metal, (b) Cu,O (I), (¢) CuO (1I) and (d)
CuCO; (II). (e) The binding energies obtained for the Cu 2p regions for these reference materials are

shown.
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