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ABSTRACT: Mercury (Hg) is a ubiquitous contaminant in the
environment and its methylated form, methylmercury (MeHg), poses a
worldwide health concern for humans and wildlife, primarily through fish
consumption. Global production of forest fire ash, derived from wildfires
and prescribed burns, is rapidly increasing due to a warming climate, but
their interactions with aqueous and sedimentary Hg are poorly
understood. Herein, we compared the differences of wildfire ash with
activated carbon and biochar on the sorption of aqueous inorganic Hg
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12 and sedimentary Hg methylation. Sorption of aqueous inorganic Hg was Burned " witdfire ash amount
13 greatest for wildfire ash materials (up to 0.21 and 2.2 ug g~ C) among all forest p_—
14 of the solid sorbents evaluated. A similar Hg adsorption mechanism for ‘

15 activated carbon, biochar made of walnut, and wildfire ash was found that anoxic ash-sediment slurry | |

16 involves the formation of complexes between Hg and oxygen-containing

17 functional groups, especially the —COO group. Notably, increasing dissolved organic matter from 2.4 to 70 mg C L™" remarkably
18 reduced Hg sorption (up to 40% reduction) and increased the time required to reach Hg—sorbent pseudo-equilibrium. Surprisingly,
19 biochar and wildfire ash, but not activated carbon, stimulated MeHg production during anoxic sediment incubation, possibly due to
20 the release of labile organic matter. Overall, our study indicates that while wildfire ash can sequester aqueous Hg, the leaching of its

S
—

labile organic matter may promote production of toxic MeHg in anoxic sediments, which has an important implication for potential

22 MeHg contamination in downstream aquatic ecosystems after wildfires.

23 KEYWORDS: wildfire ash, activated carbon, biochar, aqueous mercury sorption, mercury methylation

2+ l INTRODUCTION

25 Forest fires, including both wildfire and prescribed fires, are
26 important drivers of biogeochemical alterations to forest
27 ecosystems." The frequency and intensity of wildfires are
28 rapidly increasing, partly attributable to global climate change,”
29 while prescribed fire is also becoming more prevalent as a
30 forest management tool.” Further, these fires of various
31 intensities and durations have produced various effects on
32 the biogeochemical cycles of downstream aquatic systems,
33 such as carbon and nitrogen cycling.*

34 Mercury (Hg) is a pollutant of global concern as it
35 contaminates all geographical areas owing to its widespread
36 emissions (e.g., both natural and anthropogenic), long-range
37 atmospheric transport, and dry/wet deposition.” Forest
38 ecosystems are an important sink of Hg due to enhanced
39 sequestration via foliar uptake® and can also become a source
40 of Hg during/after forest fires via volatilization (for
41 atmospheric transport) and runoff/erosion (to aquatic
42 ecosystems).” While much of the Hg in biomass has been
43 shown to be volatilized during forest fires,® the remaining ash
44 may still contain significant amounts of Hg derived from the
45 burned vegetation.” For example, total Hg concentrations up
46 to 125 ng ¢! dry wt were measured in ash after a northern
47 California wildfire, which would be even higher than litter (up

—
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to 40 ng g~') and dead woody materials collected in a nearby 4s
site (up to 37 ng g™').” 49

In aquatic sediments, the methylation of inorganic Hg so
[Hg(II)] by anaerobic bacteria produces highly toxic si
methylmercury [MeHg].'” Mercury methylation is a key step s
for Hg to enter the base of aquatic food webs, and s3
subsequently MeHg biomagnifies along the food chain, leading s4
to unsafe levels for the top aquatic predators.'’ Recently, Ku et ss
al.” demonstrated that wildfire ash materials are capable of s6
effectively sequestering Hg(II) from natural waters and s7
evaluated the interactive behavior of ash and Hg with respect ss
to a few ash properties [e.g., percent loss-on-ignition (LOI) so
and aromatic hydrocarbon (ArH) fraction], raising an 6o
important but largely unanswered question: How might forest 61
fire ash interact with aqueous Hg(1I) and mediate sedimentary 62
Hg methylation after fire events? 63

Interactions of Hg with wildfire ash provide an interesting 64
comparison to the numerous studies in the last few decades ss
examining the effectiveness of activated carbon and biochars 66

Received: March 5, 2022
Revised:  June 21, 2022
Accepted: July 20, 2022

https://doi.org/10.1021/acs.est.2c01591
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Han-Han+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Tsz-Ki+Tsui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peijia+Ku"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huan+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziyu+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Randy+A.+Dahlgren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sanjai+J.+Parikh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianjun+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianjun+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tham+C.+Hoang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alex+T.+Chow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhang+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xue-Mei+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.2c01591&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.2c01591?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf

67
68
69
70
7
72
73
74
7
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
9
92
93
94
9
9%
97
98
99

100

10

10

103

104

10

106

107

—

w

—

[

S =

[

108

109
110
111
112
113
114
115
116
117
11
119
12
12
122
123
124
125
126
127
128

o

=]

Environmental Science & Technology

pubs.acs.org/est

on the removal of aqueous Hg(II) and inhibition of Hg
methylation in sediments. For example, an early study
demonstrated the efficient removal of Hg(II) by activated
carbon."? Recently, Gilmour et al."® showed the effectiveness
of activated carbon in mitigating MeHg formation in Hg-
contaminated sediments, while Gilmour et al.'* successfully
applied activated carbon in remediation of a Hg-contaminated
saltmarsh. Similarly, the use of biochar has been widely
evaluated, mostly in the laboratory, for removing aqueous
Hg'*~"” and reducing Hg methylation in sediment/soil and
subsequent MeHg bioaccumulation.””*"

While the precise mechanism of Hg(II) sorption by wildfire
ash is currently unknown,” previous studies have posited a
similar mechanism for Hg sorption for both activated carbon
and biochar, specifically the formation of (COO),Hg and
(0),Hg complexes."” However, a myriad of environmental
factors may compromise the effectiveness of these sorbents for
Hg removal, such as dissolved organic matter (DOM). DOM
has been recently shown to reduce the effectiveness of
activated carbon and biochar in sequestering aqueous Hg(II),
presumably through formation of aqueous Hg-DOM com-
plexes via the thiol group.””** It may be worth noting that no
study of Hg sequestration by wildfire ash has evaluated the
impact of different DOM concentrations and that DOM has
consistently been documented to increase in aquatic systems
post-wildfire.”* Thus, complex biogeochemical interactions
must be considered when evaluating how solid-phase sorbents
(e.g, wildfire ash) interact with Hg in natural aquatic
environments (e.g., different DOM levels).

Due to the increasing extent of global wildfires”** and the
use of prescribed burning for forest management,” there is an
urgent need to better understand how these solid-phase
sorbents mediate Hg cycling in downstream aquatic environ-
ments, especially in a range of DOM levels. In this work, we
compared the effectiveness of two wildfire ash, four laboratory-
controlled burn ash, one commercial activated carbon, and two
biochar samples for aqueous Hg removal and sedimentary Hg
methylation. Our findings demonstrated strong sequestration
of aqueous Hg(II) by all solid sorbents, but there is potential
for the forest fire ash materials to stimulate microbial Hg(II)
methylation when incubated in anoxic sediments.

B MATERIALS AND METHODS

Solid Sorbent Materials. In this study, we used two
wildfire ash samples (sieved < 2 mm) produced by low-severity
wildfires, i.e., wildfire ash 1 (Wragg Fire, July 22—August S,
2015, no rainfall prior to sampling) and wildfire ash 2 (Rocky
Fire, July 29—August 14, 2015, no rainfall prior to sampling),
in northern California, more details of wildfire site character-
istics and sampling information can be found in Table S1 and
Text S1. In a subset of experiments, we used ash samples
generated by laboratory-controlled burning (i.e., 2500x, 250py,
5500x, 5SOpy) in a laboratory under different temperatures
(i.e, 250 and 550 °C) and the presence/absence of oxygen
[ie, pyrolysis (py) vs thermal oxidation (ox)] from white fir
(Abies concolor) litter.”® For comparison, we included a
commercially available activated carbon (—20 + 40 mesh, CAS
7440-44-0, Alfa Aesar, Lancashire, UK) that was also used in
our previous study.” The size of activated carbon particles
ranged from 0.8 to 2.4 mm, which would be comparable to the
size of our sieved ash samples. Further, we assessed two
biochar samples (biochar,,—walnut shell/gasification and

biochar,,, q.—sawdust/hydropyrolysis)*” with similar carbon

content (i.e, ~63% C), but very different Hg sorption
capacities based on our preliminary tests. All solid sorbents
were stored dry in the laboratory prior to use and analyzed for
total Hg [THg] to assess their native Hg content (see
Analytical Measurements section).

Aqueous Sorption. We evaluated the capability of the
solid sorbents to remove aqueous Hg(II) in which we
performed three experiments to examine the equilibrium
adsorption: the effects of initial Hg(II) levels (0.5—10 ug L™"),
contact time (0.5—48 h), and different dissolved organic
carbon (DOC) sources/levels (low-, mid-, and high-DOC at
2.4, 33.4, and 69.5 mg C L™, respectively) on aqueous Hg(II)
sorption. Stock solutions with different DOC levels (i.e., “low-
DOC”, “mid-DOC”, and “high-DOC”) were generated in the
laboratory and/or collected from the field. Briefly, low-DOC
water was prepared as a synthetic freshwater in the laboratory
(i.e., moderately hard water).”® Mid-DOC water was collected
from a freshwater wetland located in eastern North Carolina.
High-DOC water was produced by incubating natural leaf litter
of mixed deciduous species in the laboratory with low-DOC
water for 2 days. We filtered all three water types through a 0.7
um filter (Whatman GF/F) prior to use. For all sorption
experiments, we prepared a stock solution of Hg(II) at 1 ug
mL™" from reagent-grade HgCl, powder (Alfa Aesar) in
laboratory-purified water (Barnstead Nanopure; 18.2 MQ-
cm™') and stored at 4 °C in the dark until use. Working
solutions with different Hg(II) concentrations were prepared
by diluting the stock solution with low-DOC, mid-DOC, and
high-DOC waters.

Prior to sorption tests, we assessed the interactions of Hg
and DOC between the solid sorbents and three DOC water
types. Specifically, 0.50 + 0.05 g of each solid sorbent (note:
laboratory-controlled burn ash was not used in all tests due to
limited availability) was added to 100 mL of each DOC water
type in a S00 mL Erlenmeyer glass flask (performed in
triplicate) in which the ratio of sorbent mass to water volume
(i, 0.5%) would be comparable to another recent Hg
sorption study (e.g,, 0.3).”” The initial pH of the test solution
was adjusted to 7.80 + 0.10 with a benchtop pH meter
(Mettler Toledo), which would be similar to streamwater in
burned sites in northern California®* and this pH value would
be similar to another Hg sorption study.”” All flasks were
continuously agitated on an orbital shaker at a rate of 200 rpm
at room temperature in the dark. After 48 h, the supernatant
was filtered through a 1.0 ym filter (Whatman GF/B), and the
filtrate was quantified for THg and DOC (see below).

First, we examined Hg(II) sorption to all solid sorbents with
an initial Hg(I) concentration of 1 ug L™, which would be
comparable to other aqueous Hg sorption studies (e.g., 2 yg
L™Y)** but much lower than earlier Hg sorption studies (e.g.,
2—20 mg L7")."* Similar to the above conditions, we added
0.50 + 0.05 g of each solid sorbent into 100 mL of different
DOC water types. The sorption test lasted for 48 h with
continuous agitation in the dark at room temperature, while
the initial pH was adjusted to 7.80 + 0.10. Control
experiments without sorbents were included to account for
the error generated by the Hg(II) adsorption on the inner
surface of flasks. Equilibrium adsorption (q.) of Hg was
calculated as

q, = [(CO — Ce) X V]/(m) (1)

where q. (ug g™') is the quantity of adsorbed Hg per unit mass
of sorbent, Cy and C, (ug L") are the initial and equilibrium
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191 Hg concentrations, respectively; V (L) is the solution volume;
192 and m is the dry mass of the solid sorbent in grams.

193 Since the carbon/organic carbon of the solid sorbent plays
194 an important role in Hg(I) adsorption process," thus, the
195 equilibrium quantity (g..) of adsorbed Hg per unit mass of C
196 for each sorbent was also calculated as

w7 1T [(Co— C.) X V1/(m x C) 2)

198 where q.. (ug g~ C) is the quantity of adsorbed Hg per unit
199 mass of C; Cy and C, (ug L™") are the initial and equilibrium
200 Hg concentrations, respectively; V (L) is the solution volume;
201 m is the dry mass of the solid sorbent in grams; and C is the
202 fraction of carbon of each solid sorbent.

203 Second, we evaluated the effect of initial Hg(II) concen-
204 tration (C,) using an adsorption isotherm approach with a
205 range of Cy (0.5—10 ug L") for each solid sorbent (except
206 laboratory-controlled burn ash), with the conditions as
207 described above. The adsorption capacity and equilibrium
208 constant were assessed by the Langmuir isotherm adsorption
209 model as

=t

210 qe = (qm X KL X Ce)/(l + I<L X Ce) (3)

211 where q,, (ug g') is the maximum amount of adsorbed Hg per
212 unit mass of sorbent and k; (L pg™') is the constant for the
213 Langmuir isotherm adsorption model.

214 Third, we investigated the effect of contact time on the
215 sorption of Hg(II) by the solid sorbents in the three DOC
216 water types (except laboratory-controlled burn ash). All
217 conditions were the same as above except that a 10 mL
218 aliquot was taken from the supernatant at selected time
219 intervals (0.5, 1, 4, 8, 12, 24, 48 h) to determine the remaining
220 aqueous Hg(II) concentrations.” Kinetic data were evaluated
221 using pseudo-first-order (eq 3) and pseudo-second-order (eq
222 4) formulations

_ —kit
223 9, = qe(l -¢ ) (4)

e 6= (ky x qe2 X t)/(1+kyXq,Xt) ()

225 where q, (ug g”') is the amount of adsorbed Hg(II) per unit
226 mass of sorbent at time ¢, and k; (h™") and k, (g ug ~' h™") are
227 the rate constants of the pseudo-first-order and pseudo-
228 second-order models, respectively.

229 Sediment Incubation. Sediment incubation experiments
230 were used to assess how the solid-phase sorbents affected both
231 aqueous and sedimentary Hg(II) concentrations and mediated
232 production of MeHg during anoxic incubation over 2 weeks.
233 The experimental desi%n was similar to our previous studies
234 incubating litter only’””" and wildfire ash only.” However, we
235 included a Hg-contaminated sediment (THg: 13.4 + 0.8 ug
236 g~ dry wt; MeHg: 3.5 + 0.3 ng g~' dry wt.) collected from
237 the historically contaminated South River (Virginia)32 in our
238 incubation experiment to demonstrate whether wildfire ash
239 would reduce sedimentary Hg(II) methylation effectively as
240 demonstrated for activated carbon in other studies."

241 We conducted the incubation experiments using South River
242 water with each solid sorbent at concentrations of 1, 5, and
243 10% as dry mass of the sediment, but we only included the 5%
244 treatment for the laboratory-controlled burn ash due to limited
245 availability. Briefly, we placed both river water and sediment
246 (control without solid sorbent or mixed with different solid-
247 phase sorbent concentrations) (at a ratio of 10:1 v/w) into a
248 250 mL air-tight, sterile, Hg-free Nalgene poly(ethylene

—

terephthalate) glycol (PETG) bottle (similar to our previous 249
incubation experiments).”*"*" Triplicate bottles were included 250
for all treatments. Bottles were tightly capped and placed in the 251
dark at room temperature (~22 °C) for 2 weeks. The bottles 252
were thoroughly shaken every day to mix the slurry. Aqueous 253
samples were collected and passed through 1.0 ym Whatman 254
GEF/B filter at the end of the 2-week incubation to measure 255
filtered THg, filtered MeHg, and DOC. To understand 256
inorganic Hg and MeHg partitioning between solid and 257
aqueous phases, post-incubation sediment samples from 5% 2s8
sorbent addition treatments were collected and freeze-dried for 259
subsequent THg and MeHg determination. 260

Spectroscopic Characterization. To gain further insight 261
into Hg sorption mechanisms, the morphology and micro- 262
structure of three solid sorbents, namely, activated carbon, 263
biochar,,,,, and wildfire ash 1, were examined using a field- 264
emission scanning electron microscope (SEM, ZEISS Sigma). 265
Samples were prepared by mounting biosorbent materials onto 266
a conductive carbon tape and gently depositing nonadhesive 267
silver powder via a N, flow. Samples were imaged at an 268
accelerating voltage of 5 eV. X-ray photoelectron spectroscopy 269
(XPS) was conducted to determine the surface chemical 270
composition of activated carbon, biochar,,,,, and wildfire ash 271
1 before and after sorption of aqueous Hg(II) at 1 ug L™" in 272
the presence of DOM (with mid-DOC water) using an XPS- 273
ESCALAB Xi+ Thermo Scientific instrument with an Al Ka 274
radiation source. The binding energies of spectra were 275
calibrated to a C 1s peak at 284.8 eV. 276

Analytical Measurements. Filtered aqueous samples were 277
analyzed for THg by transferring the water samples into an 278
acid-cleaned, 40 mL glass vial (Thermo Scientific), and the 279
samples were digested overnight with an acidic mixture of 280
potassium permanganate and potassium persulfate at 80 °C.** 281
Filtered aqueous samples were analyzed for MeHg by 252
preserving the samples with 0.4% trace-metal-grade hydro- 283
chloric acid (Fisher Scientific)** and kept in the dark at 4 °C 284
before distillation. We also measured the solution pH at the 285
end of the sorption and incubation trials using a daily- 286
calibrated pH meter (Mettler Toledo) and DOC with a total 287
organic carbon analyzer (Shimadzu). 288

All sediment samples were immediately frozen at —20 °C 289
and subsequently lyophilized with a benchtop freezer dryer 290
(SP Scientific). The dry sediments were sieved through an 291
acid-cleaned 1 mm polypropylene mesh to remove larger 202
particles and measured THg and MeHg. Concentrations of 293
Hg(II) in the sediments were calculated by subtracting 204
measured MeHg from THg. To understand the effect of the 295
sorbents on inorganic Hg and MeHg partitioning, sediment— 296
water partition coefficients for both Hg(II) and MeHg 297
(log I<d,HgSII)) were calculated as the sedimentary concentration 298
in ng kg~' divided by the aqueous concentration in ng L™."% 29
Total amount of THg and MeHg as well as alteration of 300
percentage of THg as MeHg (% MeHg) in each incubation 301
microcosm were calculated to assess the Hg methylation 302
potential of the sediment incubation experiment impacted by 303
sorbent addition.””” Detailed analytical procedures for THg 304
and MeHg both water and sediment and quality assurance data 30s
can be found in Text S2. 306

Statistical Analyses. Nonlinear regression analysis was 307
performed using OriginPro 2021 (OriginLab Corporation, 30s
Northampton, MA) since the linearization might result in an 309
inherent bias, diverse estimation errors, and fit distortions. 310
Hence, nonlinear modeling is considered a more robust 311

https://doi.org/10.1021/acs.est.2c01591
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01591/suppl_file/es2c01591_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c01591?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

Environmental Science & Technology pubs.acs.org/est

activated carbon

~

d C 1 s Before adsorption € C 1 s Before adsorption f C 1 s Before adsorption
c=C/C-C A c=cic-c c=ciCc-C
Raw data Raw data Raw data o
— Fitting data 284.8 eV, 49.4% — Filling dala c=0 284.8 eV, 34.0% — Fitting data 284.8 eV, 39.0%
Background  (-(y —— Background 287 3 V. 9.93 —— Background coo =0
286.( co e | S eV 22 0% oo 286.2 eV, 31.8Y
, | 2eV, 22,
285.3 eV, 17.6% 293.5¢eV,21.3% |
[ PP S & . ) = g R
3 — e K3
[7] 1] 7]
"E After adsorption E After adsorption ‘E After adsorption
] co y 3 ‘ A C=CIC-C 3 P
o - ) c=cic-C 3 ) 28480V, 57.5% | Q o |_c=cic-C
(&) 285.1 eV, 27.8% 284.4 eV, 35.7% ¢ (] S v, 36,79 284.6 eV, 47.8%
.1 eV, N
286.3 6V 19 e 285.6 eV, 17.3%| '
293.5 eV, 419% w 2
::...__.m_m._%*” i
ESSN W— T i
300 295 290 285 280 300 295 290 285 280 300 295 290 285 280
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
g 0O 1 ] Before adsorption h O 1 S Before adsorption | 0O 1s Before adsorption
S C-O/-OH Raw data C-O/-OH C-0/-OH
Rawdata  532.96V,351%4 \ —— Fitling data 5325eV,429%§ \ © Rawdata 532.0 eV, 57.4%
—— Filling dala c=0 — Background A — Fitting data -0 eV, 57.4%
—— Background = " . C=0 Background
€00 531.5 eV, 30.3% 531.5eV, 28.3% =0
34.1 eV, 34.6% 33 =
531.0 eV, 13.7%
= = 7 N
;n i” Raan o SR - &
L L
o " 2
*‘-:' After adsorption ‘E After adsorption g After adsorption
3 E]
=]
o c=0 o C-Ol-OH 4 c=0 . C=0
o C-0/-0H 531.7 eV, 49.1% o 532.2 eV, 40.2%_ 531.1 eV, 45.0% © 531.8 eV, 65.6%
533.0 eV,35.7% § Sttt C-0/-OH
532.9 eV, 22.7%
CO0
o s ——— . _ gl S
— . . . . . . . . . r ! . : - i -
545 540 535 530 525 545 540 535 530 525 545 540 535 530 525
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 1. (a—c) SEM images of activated carbon, biochar,,,, and wildfire ash 1. (d—f) High-resolution XPS spectra of C 1s for activated carbon,
biochar, ., and wildfire ash 1 before and after reacting with Hg(II). (g—i) High-resolution XPS spectra of O 1s for activated carbon, biochar, .,
and wildfire ash 1 before and after Hg reactions.

312 approach for estimating kinetic and isotherm parameters.*® All those of activated carbon and biochars (2.6—10.6 ng g™'). 38
313 linear regression analyses were performed using OriginPro However, the laboratory-controlled burn ash generated at a 39
314 2021. One-way analysis of variance (ANOVA) with Student— high temperature (5500x and 550py) had negligible residual 330
315 Newman—Keulsa multiple comparison tests was performed Hg (<1 ng g™') (Table S1). 31
316 using SigmaPlot 12.5 (Systat Software, Palo Alto, CA). The

SEM micrographs of the three representative sorbents 33;

1
} (activated carbon, biochar,,,,, and wildfire ash 1) indicated 333

~

significance level for all statistical analyses was set at p = 0.0S.

s B RESULTS AND DISCUSSION the prevalence of square.morphologies and .micropores with 334
rough surfaces on activated carbon (Figure la). The 335¢

319 Basic Sorbent Characteristics and Hg—Sorbent biochar,,,. micrograph showed the presence of many large 336

320 Interactions. There was a large range of C contents (10—

321 71%) among the tested solid sorbents. Both activated carbon

322 and biochars had >50% C contents, whereas laboratory-

323 controlled burn ash had intermediate (13—43%) and wildfire

pores and different morphologic irregularities on the surface 337
(Figure 1b). The SEM micrograph of the wildfire ash 1 333
displayed a porous-folded structure (Figure 1c); such features 339

—

324 ash the lowest (10—17%) C contents (Table S1). Notably, can contribute to increased surface area and an elevated 349
. . . 37

325 there was a large range of residual Hg contents (0.4—59.0 ng reactivity in interfacial reactions of the ash samples,” 34

326 g7') in the solid sorbents, being much higher in both low- potentially enhancing the aqueous sorption capability of 34,

327 temperature laboratory-controlled burn and wildfire ashes than Hg(II) by wildfire ash 1 (see results below). 343
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344  XPS characterization of sorbent materials before and after
345 reaction with aqueous Hg(II) displayed a clear Hg 4f peak for
346 wildfire ash 1. In contrast, the Hg 4f peak for activated carbon
347 and biochar,,,,, was not clear, possibly owing to the low
348 Hg(II) level (1 ug L™") used in this evaluation (Figure S1).
349 The high-resolution Hg 4f spectra for activated carbon,
350 biochar,,,,, and wildfire ash 1 after Hg adsorption were
351 fitted with a single Hg 4f spin—orbit split doublet (the Hg 4f;,,
352 and Hg 44, peaks).'”** The reasons for the absence of a
353 spin—orbit for Hg 4f are unknown, but doublet peaks appeared
354 at 101.6 and 102.6 eV for activated carbon, 101.6 and 102.1 eV
3ss for biochar,,j,,, and 100.7 and 101.6 eV for wildfire ash 1
356 (Figure S1). The same peak at 101.6 eV revealed that Hg was
357 adsorbed in a similar Hg form ((—COO),Hg) by activated
3s8 carbon, biochar,,,, and wildfire ash 1.

359 A shift of the binding energy for C 1s and O 1s was observed
360 for activated carbon, biochar,,,,, and wildfire ash 1 before and
361 after Hg adsorption (Figure 1d—i and Table S2), implying the
362 involvement of C- and/or O-containing functional groups in
363 Hg adsorption.'””” Strikingly, after Hg adsorption by activated
364 carbon, biochar,,,,, and wildfire ash 1, the carboxylic
365 (—COO) group in O 1s decreased from 35 to 15%, 29 to
366 15%, and 29 to 12%, respectively, and the decreasing trend was
367 consistent with the findings from C 1s (Figure 1d—i and Table
368 S2). The peak of Hg at 101.6 eV was assigned to complexes of
369 (—COO),Hg (Figure $1)."* These results confirm a similar
370 Hg adsorption mechanism for activated carbon, biochar,,, .,
371 and wildfire ash 1 that involves the formation of complexes
372 between Hg and oxygen-containing functional groups,
373 especially the —COO group.

374  Unlike biochar,,,, and wildfire ash 1, Hg adsorption by
375 activated carbon resulted in a decrease of C content in the C=
376 C group by 14% (Figure 1d), suggesting that Hg removal by
377 activated carbon was also attributed to the formation of Hg—
378 Cr bonds.” Previous studies demonstrated that delocalized
379 lone-pair 7 electrons were associated with graphite-like
380 domains of plant-derived biochars.*** We found that the
381 quantity of 7—x groups in biochar,,,, decreased substantially
382 from 21 to 4.2% (Figure le), indicating that 7 electrons may
383 be involved in the removal of Hg onto the biochar,,j.
384 However, electrostatic interactions seem unlikely to be
38s involved when the dominant Hg species is uncharged
386 Hg(OH)2.43 This suggests two possible alternative sorption
387 mechanisms: (i) 7 electrons could be involved in the reduction
388 of Hg(1I) to Hg(I) on the C surfaces;*** and/or (ii) Hg(II)
389 might complex with C=C and C=O0 to form Hg-7 binding
390 between Hg and a graphite-like structure (C=C) and C=0
391 in biochars.'” Notably, the C content in the C=0 group
392 decreased by 6% in biochar,,,, after Hg adsorption (Figure
393 le). Like biochar,,,,,, the peak of 7—x bonds for wildfire ash 1
394 decreased from 8 to 4% after Hg adsorption, suggesting that 7
395 electrons may also be involved in Hg removal by wildfire ash 1.
396  Unlike activated carbon and biochar,,,,, the O content in
397 the C—O/—OH group decreased by 35%, and the C=0O
398 group increased by 52% after Hg adsorption by wildfire ash 1
399 (Figure 1i). These shifts infer that phenolic hydroxyl groups
400 might participate in the reduction of Hg(II) during Hg
401 adsorption by wildfire ash 1, consistent with the adsorption
402 mechanism proposed for bagasse biochar in which the
403 reduction of Hg(II) by phenol was involved in Hg removal."’
404 Thus, considering Hg(OH), as the dominant Hg species in
405 this work at pH > 7.5 Hg adsorption to the contrasting
406 sorbent materials is posited as: (i) carboxylic and graphite-like
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structures were the predominant binding sites for activated 407
carbon; (ii) carboxylic and 7 electrons were the major binding 408
sites for biochar,,,.; and (iii) carboxylic and phenolic 409
hydroxyl groups were the primary binding sites for wildfire 410
ash 1. 411

Aqueous Sorption of Hg(ll). In the absence of added 412
Hg(I1), there were noticeable changes in DOC concentrations 413
in the presence of activated carbon, biochar,, ., biocharg, . 414
wildfire ash 1, and wildfire ash 2 for the different initial DOC 415
levels (i.e., low-, mid-, and high-DOC) (Figure 2). Specifically, 416 £2

60
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Figure 2. Change of DOC (ADOC) per unit mass of carbon in
different solid sorbents (i.e., biosorbent stated in the graph) in water
of different initial DOC levels (low-DOC: 2.4 mg C L™'; mid-DOC:
33.4 mg C L™'; high-DOC: 69.5 mg C L") after 48 h.

in low-DOC water, all sorbents, except activated carbon and 417
biochar,,,j,,, showed a net release of DOC. In mid-DOC 418
water, the magnitude of net DOC uptake increased for 419
activated carbon and biochar,,,,, whereas the net DOC 420
release was reduced for wildfire ash 1 and wildfire ash 2. In 421
high-DOC water, all sorbents, except biochar,,,q, showed a 422
strong net uptake of DOC from the solution (Figure 2). Only 423
activated carbon and biochar,,,,, consistently retained DOC 424
at all of the DOC levels tested. Such DOC-dependent 425
properties for DOC release/uptake by the solid-phase sorbents 426
are especially important for determining aqueous Hg(Il) 427
removal as DOM (through thiol groups) forms strong soluble 428
Hg complexes in natural waters.” 429

Aqueous Hg(II) adsorption by activated carbon, two 430
biochars (biochar,,,,, and biocharg,4,.), four laboratory- 431
controlled burn ash (250py, 2500x, SSOpy, S500x), and two 432
wildfire ash (wildfire ash 1 and wildfire ash 2) samples are 433
shown in Figure 3 and Table S3. Notably, both “natural” 4343
wildfire ash samples exhibited a similar equilibrium adsorption 43s
capacity (q.) to activated carbon and biochar,,j,, in low-DOC 436
water (Figure 3 and Table S3). Clearly, DOC had strong 437
effects on the g, of wildfire ash when compared to that of 438
activated carbon and biochar,,,, (Figure 3 and Table S3). 439
Interestingly, both natural wildfire ash samples had significantly 440
higher g, values (expressed as Hg sorbed per unit mass of C) 441
(p < 0.05) than activated carbon and the two biochars tested 442
(Table S3), which may result from Hg(II) being bound by 443
sorption or coprecipitation with mineral components, rather 444

than exclusively with organic moieties (Table $1),"**" in 445
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Figure 3. Adsorption capacity of Hg(II) by activated carbon,
biochar,,,y biochary,4uw lab-controlled-burn ash (250py, 2500,
550py, and $S00x), wildfire ash 1, and wildfire ash 2 under different
DOC level waters (low-DOC, mid-DOC, and high-DOC) spiked with
1 ug L™ of Hg(II). The asterisk above the bars indicates a significant
difference of the same adsorbents among different DOC water
treatments (one-way ANOVA, * means p < 0.05, without * means p >
0.05), and the values that are statistically different (p < 0.05) among
treatments with different solid sorbents under the same DOC level
according to one-way ANOVA are indicated by lowercase letters. g,
indicates the equilibrium quantity of adsorbed Hg(II) on per unit
mass of sorbent. Error bars represent standard deviation.

addition to potential interactions with the black carbon
fraction of the wildfire ash samples.’

For the laboratory-controlled burn ash, the material
generated under oxidation conditions (0.18—0.19 ug g~' at
250 and 550 °C) had significantly higher g, values than ash
produced under pyrolysis (0.10—0.11 ug g~"' at 250 °C and
0.11-0.18 ug g" at 550 °C) (p < 0.05) (Figure 3 and Table
S3). The wildfire ash and laboratory-controlled burn ash
displayed quite different g, values, with wildfire ash 1 and
wildfire ash 2 being significantly higher than those of 250py
and 550py ash samples (p < 0.05) but similar to those of 2500x
and 5500x (p > 0.0S). Consistently, wildfire ash 1, wildfire ash
2, and 550py all showed a significant declining trend of ¢,
values with increasing DOC (Figure 3 and Table S3),
indicating a competition between DOM and the solid-phase
sorbents for aqueous Hg(II). This corroborates previous
observations of a negative relationship between DOM
concentration and sorbent removal of Hg(II).zz’23

To further evaluate the g, of activated carbon, two biochars,
and two wildfire ash samples, sorption isotherms for Hg(II)
were determined. The g, of all sorbents linearly increased with
increasing initial Hg(II) concentration (C,) for all three DOC
levels (Figure S3). The Langmuir model well described the
sorption isotherms for all sorbents, except for a low r* value for
biocharg. in high-DOC water (Table S4). The strong
Langmuir model fit suggests that the adsorption process for
Hg(II) by these sorbents proceeds as a monolayer adsorption
phenomenon.”” Notably, the theoretical adsorption capacity
(qm) for Hg(II) on wildfire ash 1 (15.5 ug g™") and wildfire ash
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activated carbon (13.9 ug g™'), but much higher than for both
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Figure 4. Effects of activated carbon, biochar,,,,, biochar,,,q.y lab-controlled burn ash (250py, 2500x, S50py, and $SOox), wildfire ash 1, and
wildfire ash 2 on (a) filtered THg, (b) filtered MeHg, (c) % MeHg, (d) DOC, and (e) pH after 14 days of anoxic sediment incubation. The 1, S,
and 10% contents indicate the amendment level of solid sorbents with sediments. Two independent control samples (control 1 for activated
carbon, biochar, and wildfire ash incubations and control 2 for lab-controlled burn ash incubations) were included. Each bars are standard deviation
for triplicate samples. Asterisk indicates significantly different values from control based on one-way ANOVA (p < 0.05) and Student—Newman—

Keuls comparisons.
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477 biochar samples (<5 pug g ~') (Table S4). These results clearly
478 indicate the strong Hg(II) sorption characteristics by activated
479 carbon and the wildfire ash materials even in the presence of
480 natural DOM.

481  Finally, kinetic experiments demonstrated that 96% of
482 Hg(1I) was quickly removed in the first 0.5 h by biochar,,uy
483 whereas 94% of Hg(II) was removed by wildfire ash 1 and
484 wildfire ash 2 in the first 4 hours. In contrast, only 91% of
485 Hg(1l) was removed by activated carbon after 12 h (Figure
486 S3). In low-DOC water, >90% of Hg(1I) was removed in the
487 first 0.5 h by all materials except for biochar,,,q,, (Figure S3),
488 but a longer time would be required to remove 90% of Hg(II)
489 in higher DOC waters, revealing that the presence of ambient
49 DOM slows Hg(II) sorption by biosorbents.””** Meanwhile,
491 when we carried out kinetic studies in high-DOC water, the
492 Hg adsorption rate increased rapidly in the first 1 h for wildfire
493 ash 1 and wildfire ash 2, but then decreased during the
494 following hours before achieving an apparent equilibrium after
495 48 h (Figure S3). We ascribe the rapid initial rate of aqueous
496 sorption during the first hour to the adsorption of labile
497 Hg(II), whereas subsequent release of DOM from the sorbent
498 resulted in competition and a slowing sorption process.
499 Similarly, the net release of DOM from biochar,,, 4, (Figure
s00 2) may be responsible for the lack of Hg(II) reaching
so1 equilibrium during the 48 h equilibration period. These
s02 findings further demonstrate the importance of DOM as a
503 strong competing ligand for Hg(II) complexation with the
s04 binding sites on the solid-phase sorbents.

sos  Effect of Solid Sorbents on Sedimentary Mercury
sos Mobilization and Methylation. Relatively high levels of
s07 Hg(1I) were mobilized from the Hg-contaminated South River
so8 sediments after 14 days of sealed incubation, with an average
s09 filtered THg concentration of 1033 ng L™'. The addition of
s10 solid-phase sorbents (1, S, and 10% addition levels) reduced
s11 filtered THg concentrations to a range from 52 to 669 ng L™/,
s12 with the exception of the 10% biochar,,,,, treatment in which
s13 filtered THg concentration strikingly increased to 2710 ng L™
si4 (Figure 4 and Table SS). At the 5% addition level, the sorbents
s1s displayed the following order in reducing filtered THg during
s16 the 2 week anoxic incubation: 2500x ~ 5500x > wildfire ash 2
517 ~ wildfire ash 1 ~ biochar,,4,, > activated carbon ~ 550py ~
s18 250py > biochar, .. In general, as the sorbent addition level
s19 increased, the filtered THg concentrations decreased for
520 activated carbon (by 45 and 77%; S and 10% addition relative
s21 to the control, respectively), biocharg,,g. (by 37 and 92%),
522 wildfire ash 1 (by 48 and 92%), and wildfire ash 2 (by 50 and
523 88%) (Figure 4 and Table SS). In contrast, increasing the
524 addition level of biochar,,,, resulted in even higher filtered
s2s THg concentrations (Figure 4) that we attribute, in part, to the
526 increase of pH (from 7.1 to 8.5) with increasing biochar
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527 levels as desorption of soil Hg(II) has been shown to increase

s28 with increasing pH values from 7 to 9.** In general, both
529 biochar and wildfire ash materials can be alkaline (pH 9—12),
s30 with the pH values increasing as the production temperature
s31 increases.” We also observed a strong inverse, nonlinear
s32 relationship between (filtered) THg and DOC in the
533 treatments with the two wildfire ash samples (Figure S4a),
s34 implying potential decoupling of DOM and Hg(II) in the
535 dissolved phase under anoxic conditions.

s36  Among laboratory-controlled burn ash samples, the 5%
537 addition level of 2500x and 5500x reduced THg by 95 and
538 92% (compared to control), respectively, which were
539 considerably more effective than the corresponding pyrolysis

counterparts of 250py (by 42%) and SS0py (by 73%) (Table ss0
SS). Notably, a significantly higher aromatic hydrocarbon s41
content was detected in 2500x (45.0 + 3.4%), 5500x (50.8 + s42
3.7%), and 550py (52.0 + 5.1%) than that in 250py (25.9 + s43
3.9%) (data from Chen et al, in review), possibly implying a s44
role for aromatic hydrocarbon compounds in reducing Hg(II) s4s
mobilization from the contaminated sediment. These findings s46
corroborated the findings of Ku et al” in which higher s47
aromatic hydrocarbon content materials tended to limit Hg s4s
release to the aqueous phase. Moreover, the ash produced s49
under oxidation conditions (i.e., in the presence of oxygen and sso
a high temperature of 450—1400 °C) was more effective in ss1
sequestering sedimentary Hg(II) than ash produced under ss2
pyrolysis conditions (i.e., under limited oxygen and a lower ss3
temperature from 250 to 450 °C).> 554

In contrast to the high Hg mobilization from sediments, the sss
control treatment resulted in relatively low levels of filtered ss6
MeHg (1.8 and 3.7 ng L™'), and the various solid-phase ss7
sorbent addition showed variable effectiveness in reducing sss
(filtered) MeHg concentrations (Figure 4 and Table S5). The ss9
activated carbon and two of the laboratory-controlled burn ash séo
samples (5S0py and 5500x) reduced MeHg levels in the se1
incubated samples, whereas the other sorbents produced no se2
effect or even slightly promoted MeHg concentrations in the s63
aqueous phase. The stimulation of MeHg production seems s64
contradictory to the ash-only incubation study by Ku et al.” in s6s
which the authors observed little Hg(II) and MeHg in the s66
aqueous phase; we believe that the presence of a contaminated s67
sediment in the current study would provide much more ses
bioavailable Hg(II) and labile organic matter, and these s6o
conditions would be more stimulative to Hg(II) methylation s70
than ash-only conditions. The higher aqueous MeHg s71
concentrations may be associated with the higher DOC s72
concentrations in wildfire ash 1 (©* = 0.622; p < 0.05) and 573
wildfire ash 2 (* = 0.707; p < 0.05) treatments (Figure S4b). s74
Previous studies have demonstrated that DOC can be utilized 575
by microbial Hg methylators as an electron donor to facilitate 576
conversion of Hg(II) to MeHg.’”" 577

Possible reasons for such a low percentage of MeHg yield s78
include the relatively low or%anic matter content (loss-on- 579
ignition measured at 7%)°* of the relatively coarse, ss0
contaminated sediments that may limit microbial activity, ss1
and also the very high background Hg levels in the sediment ss2
that resulted in only a small fractional conversion of THg to 383
MeHg. Another potential reason would be the inhibition of s84
MeHg production due to elevated THg sedimentary levels ss8s
(13.4 pug g7') as a field study in the historic Hg mining area in sss
Yolo County, California, observed decreasing MeHg with ss7
incr%asing THg in sediments above the THg level of 17 ug sss
g\’ 589

Consistent with published data from another sorbent soo
addition study,”” bulk sediment THg concentrations were 391
not a good predictor of the effectiveness of sorbents, but so2
sedimentary MeHg concentrations in biochar,,,, 4, wildfire ash 593
1, wildfire ash 2, and 250py additions were 42, 97, 85, and s94
103% higher than controls (Table S6). Previous studies have sos
demonstrated that the increase in sedimentary MeHg with 596
sorbent addition could have arisen from higher rates of gross 597
MeHg production or reduced MeHg efflux to overlying so8
water.'”** Notably, the partition coefficients of MeHg (log K; 599
MeHg) in sediments with additions of biochar,,,q.s wildfire 600
ash 1, wildfire ash 2, and 250py were not significantly different 601
from the control treatment (p > 0.05) (Figure SS). However, 602
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603 with higher log K4 of Hg(II) (Figure S5) and whole microcosm
604 percentage of MeHg (i.e., both water and sediment) (Figure
605 S6) being observed in treatments with biocharg,,g,q wildfire
606 ash 1, wildfire ash 2, and 250py, the results may imply that
607 these sorbents may disproportionately increase the availability
608 of Hg(II) for microbial Hg methylators and may result in
609 higher Hg(II) methylation yields under evelated DOC
610 conditions.”™> Direct study of DOM characteristics and
611 microbial Hg(II) methylation56 of these incubation samples
612 will be needed to better understand the complex biogeochem-
613 ical processes.

614 It is worth noting that Hg methylation trends in the present
615 study were limited to a relatively short term (2 weeks). Despite
616 the strong sorption toward Hg(II) by wildfire ash, which
617 contributes to the inhibition of MeHg production, on the other
618 hand, the nutrients released by ash® may aid in promoting
619 microbial MeHg production as indicated by the MeHg data,
620 and perhaps MeHg can be degraded in the longer term.’*
621 Therefore, the ecological risk of wildfire to the downstream
622 water environment in the long term is still entirely unclear and
623 needs further investigation.

624 Environmental Implications. This work demonstrates
625 that ash produced by wildfire and prescribed burning has a
626 significant impact on aquatic Hg cycling processes by
627 sequestering aqueous Hg, mediating sedimentary Hg mobi-
628 lization, and altering its conversion to highly toxic MeHg.
620 Wildfire ash materials are readily transported to aquatic
630 systems through runoff/erosion and hydrologic transport
631 following wildfires.** Per unit mass of bulk or C content, we
632 found that wildfire ash had the highest sorption capabilities for
633 aqueous Hg(Il), as compared to activated carbon and selected
634 biochars. The Hg adsorption mechanisms appear to differ
635 among the sorbents evaluated: (i) carboxylic and graphite-like
636 structures were the predominant binding sites for activated
637 carbon; (ii) carboxylic and 7 electrons were the major binding
638 sites for biochar,,,.; and (iii) carboxylic and phenolic
639 hydroxyl groups were the primary binding sites for wildfire
640 ash. DOM leaching from some sorbent materials reduced their
641 net Hg sequestration effectiveness owing to competition for
642 aqueous Hg(II) between the solid-phase sorbents and
643 aqueous-phase DOM.

644  While the effectiveness of activated carbon for inhibiting
645 MeHg production and bioaccumulation in Hg-contaminated
646 aquatic ecosystems has been previously demonstrated,""* we
647 also confirmed that certain biochars, laboratory-controlled
648 burn ash, and wildfire ash materials altered aqueous Hg(II)
649 levels, bioavailability of Hg(II), and sedimentary Hg
6s0 methylation. Nevertheless, while wildfire ash can strongly
651 sequester aqueous Hg(II), leaching of its labile organic matter
652 may mobilize sedimentary Hg(II) and/or promote the
653 production of toxic MeHg that can bioaccumulate/biomagnify
654 in downstream aquatic habitats. A similar observation on
6ss increased MeHg bioaccumulation was reported in a down-
6s6 stream lake in Alberta, Canada, after wildfire, partly due to
657 restructuring of food web structure in the lake.”” These
6ss findings indicate that wildfire ash, especially those generated
659 under low-intensity wildfire (i.e., resulting in black ash), can
660 have appreciable effects on Hg cycling processes in aquatic
661 ecosystems (rivers, wetlands, reservoirs, lakes) and should be
662 considered in post-fire aquatic ecosystem restoration activities
663 and also within the context of the global Hg cycle.”® In
664 addition to the increasing adoption of prescribed burning,
665 wildfire impacts on aquatic Hg cycling are expected to greatly

—_

—

—

—

increase as the number, size, and intensity of wildfires rapidly ess

increase with climate change. 667
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