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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
and sedimentary Hg methylation. Sorption of aqueous inorganic Hg was
greatest for wildfire ash materials (up to 0.21 μg g−1 or 2.2 μg g−1 C)
among all of the solid sorbents evaluated. A similar Hg adsorption
mechanism for activated carbon, biochar made of walnut, and wildfire ash
was found that involves the formation of complexes between Hg and
oxygen-containing functional groups, especially the −COO group. Notably, increasing dissolved organic matter from 2.4 to 70 mg C
L−1 remarkably reduced Hg sorption (up to 40% reduction) and increased the time required to reach Hg−sorbent pseudo-
equilibrium. Surprisingly, biochar and wildfire ash, but not activated carbon, stimulated MeHg production during anoxic sediment
incubation, possibly due to the release of labile organic matter. Overall, our study indicates that while wildfire ash can sequester
aqueous Hg, the leaching of its labile organic matter may promote production of toxic MeHg in anoxic sediments, which has an
important implication for potential MeHg contamination in downstream aquatic ecosystems after wildfires.
KEYWORDS: wildfire ash, activated carbon, biochar, aqueous mercury sorption, mercury methylation

■ INTRODUCTION
Forest fires, including both wildfire and prescribed fires, are
important drivers of biogeochemical alterations to forest
ecosystems.1 The frequency and intensity of wildfires are
rapidly increasing, partly attributable to global climate change,2

while prescribed fire is also becoming more prevalent as a
forest management tool.3 Further, these fires of various
intensities and durations have produced various effects on
the biogeochemical cycles of downstream aquatic systems,
such as carbon and nitrogen cycling.4

Mercury (Hg) is a pollutant of global concern as it
contaminates all geographical areas owing to its widespread
emissions (e.g., both natural and anthropogenic), long-range
atmospheric transport, and dry/wet deposition.5 Forest
ecosystems are an important sink of Hg due to enhanced
sequestration via foliar uptake6 and can also become a source
of Hg during/after forest fires via volatilization (for
atmospheric transport) and runoff/erosion (to aquatic
ecosystems).7 While much of the Hg in biomass has been
shown to be volatilized during forest fires,8 the remaining ash
may still contain significant amounts of Hg derived from the
burned vegetation.9 For example, total Hg concentrations up
to 125 ng g−1 dry wt were measured in ash after a northern
California wildfire, which would be even higher than litter (up

to 40 ng g−1) and dead woody materials collected in a nearby
site (up to 57 ng g−1).9

In aquatic sediments, the methylation of inorganic Hg
[Hg(II)] by anaerobic bacteria produces highly toxic
methylmercury [MeHg].10 Mercury methylation is a key step
for Hg to enter the base of aquatic food webs, and
subsequently MeHg biomagnifies along the food chain, leading
to unsafe levels for the top aquatic predators.11 Recently, Ku et
al.9 demonstrated that wildfire ash materials are capable of
effectively sequestering Hg(II) from natural waters and
evaluated the interactive behavior of ash and Hg with respect
to a few ash properties [e.g., percent loss-on-ignition (LOI)
and aromatic hydrocarbon (ArH) fraction], raising an
important but largely unanswered question: How might forest
fire ash interact with aqueous Hg(II) and mediate sedimentary
Hg methylation after fire events?
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Interactions of Hg with wildfire ash provide an interesting
comparison to the numerous studies in the last few decades
examining the effectiveness of activated carbon and biochars
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.12 Recently, Gilmour et al.13 showed the effectiveness
of activated carbon in mitigating MeHg formation in Hg-
contaminated sediments, while Gilmour et al.14 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
Hg15−19 and reducing Hg methylation in sediment/soil and
subsequent MeHg bioaccumulation.20,21

While the precise mechanism of Hg(II) sorption by wildfire
ash is currently unknown,9 previous studies have posited a
similar mechanism for Hg sorption for both activated carbon
and biochar, specifically the formation of (COO)2Hg and
(O)2Hg complexes.19 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.22,23 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.24 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 wildfires2,25 and the

use of prescribed burning for forest management,3 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.

■ 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 5,
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., 250ox, 250py,
550ox, 550py) in a laboratory under different temperatures
(i.e., 250 and 550 °C) and the presence/absence of oxygen
[i.e., pyrolysis (py) vs thermal oxidation (ox)] from white fir
(Abies concolor) litter.26 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.9 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 (biocharwalnut�walnut shell/gasification and
biocharsawdust�sawdust/hydropyrolysis)27 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 μg L−1),
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−1, 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).28 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
μm filter (Whatman GF/F) prior to use. For all sorption
experiments, we prepared a stock solution of Hg(II) at 1 μg
mL−1 from reagent-grade HgCl2 powder (Alfa Aesar) in
laboratory-purified water (Barnstead Nanopure; 18.2 MΩ·
cm−1) 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 500 mL Erlenmeyer glass flask (performed in
triplicate) in which the ratio of sorbent mass to water volume
(i.e., 0.5%) would be comparable to another recent Hg
sorption study (e.g., 0.3%).22 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 California24 and this pH value would
be similar to another Hg sorption study.22 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 μm 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(II) concentration of 1 μg L−1, which would be
comparable to other aqueous Hg sorption studies (e.g., 2 μg
L−1)22 but much lower than earlier Hg sorption studies (e.g.,
2−20 mg L−1).12 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 (qe) of Hg was
calculated as
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= [ × ]q C C V m( ) /( )e 0 e (1)

where qe (μg g−1) is the quantity of adsorbed Hg per unit mass
of sorbent, C0 and Ce (μg L−1) are the initial and equilibrium
Hg concentrations, respectively; V (L) is the solution volume;
and m is the dry mass of the solid sorbent in grams.
Since the carbon/organic carbon of the solid sorbent plays

an important role in Hg(II) adsorption process,19 thus, the
equilibrium quantity (qec) of adsorbed Hg per unit mass of C
for each sorbent was also calculated as

= [ × ] ×q C C V m C( ) /( )ec 0 e (2)

where qec (μg g−1 C) is the quantity of adsorbed Hg per unit
mass of C; C0 and Ce (μg L−1) are the initial and equilibrium
Hg concentrations, respectively; V (L) is the solution volume;
m is the dry mass of the solid sorbent in grams; and C is the
fraction of carbon of each solid sorbent.
Second, we evaluated the effect of initial Hg(II) concen-

tration (C0) using an adsorption isotherm approach with a
range of C0 (0.5−10 μg L−1) for each solid sorbent (except
laboratory-controlled burn ash), with the conditions as
described above. The adsorption capacity and equilibrium
constant were assessed by the Langmuir isotherm adsorption
model as

= × × + ×q q K C K C( )/(1 )e m L e L e (3)

where qm (μg g−1) is the maximum amount of adsorbed Hg per
unit mass of sorbent and KL (L μg−1) is the constant for the
Langmuir isotherm adsorption model.
Third, we investigated the effect of contact time on the

sorption of Hg(II) by the solid sorbents in the three DOC
water types (except laboratory-controlled burn ash). All
conditions were the same as above except that a 10 mL
aliquot was taken from the supernatant at selected time
intervals (0.5, 1, 4, 8, 12, 24, 48 h) to determine the remaining
aqueous Hg(II) concentrations.29 Kinetic data were evaluated
using pseudo-first-order (eq 4) and pseudo-second-order (eq
5) formulations

=q q e(1 )k t
t e

1 (4)

= × × + × ×q k q t k q t( )/(1 )et 2 e
2

2 (5)

where qt (μg g−1) is the amount of adsorbed Hg(II) per unit
mass of sorbent at time t, and k1 (h−1) and k2 (g μg −1 h−1) are
the rate constants of the pseudo-first-order and pseudo-
second-order models, respectively.
Sediment Incubation. Sediment incubation experiments

were used to assess how the solid-phase sorbents affected both
aqueous and sedimentary Hg(II) concentrations and mediated
production of MeHg during anoxic incubation over 2 weeks.
The experimental design was similar to our previous studies
incubating litter only30,31 and wildfire ash only.9 However, we
included a Hg-contaminated sediment (THg: 13.4 ± 0.8 μg
g−1 dry wt.; MeHg: 3.5 ± 0.3 ng g−1 dry wt.) collected from
the historically contaminated South River (Virginia)32 in our
incubation experiment to demonstrate whether wildfire ash
would reduce sedimentary Hg(II) methylation effectively as
demonstrated for activated carbon in other studies.13

We conducted the incubation experiments using South River
water with each solid sorbent at concentrations of 1, 5, and
10% as dry mass of the sediment, but we only included the 5%
treatment for the laboratory-controlled burn ash due to limited

availability. Briefly, we placed both river water and sediment
(control without solid sorbent or mixed with different solid-
phase sorbent concentrations) (at a ratio of 10:1 v/w) into a
250 mL air-tight, sterile, Hg-free Nalgene poly(ethylene
terephthalate) glycol (PETG) bottle (similar to our previous
incubation experiments).9,30,31 Triplicate bottles were included
for all treatments. Bottles were tightly capped and placed in the
dark at room temperature (∼22 °C) for 2 weeks. The bottles
were thoroughly shaken every day to mix the slurry. Aqueous
samples were collected and passed through 1.0 μm Whatman
GF/B filter at the end of the 2-week incubation to measure
filtered THg, filtered MeHg, and DOC. To understand
inorganic Hg and MeHg partitioning between solid and
aqueous phases, post-incubation sediment samples from 5%
sorbent addition treatments were collected and freeze-dried for
subsequent THg and MeHg determination.
Spectroscopic Characterization. To gain further insight

into Hg sorption mechanisms, the morphology and micro-
structure of three solid sorbents, namely, activated carbon,
biocharwalnut, and wildfire ash 1, were examined using a field-
emission scanning electron microscope (SEM, ZEISS Sigma).
Samples were prepared by mounting biosorbent materials onto
a conductive carbon tape and gently depositing nonadhesive
silver powder via a N2 flow. Samples were imaged at an
accelerating voltage of 5 eV. X-ray photoelectron spectroscopy
(XPS) was conducted to determine the surface chemical
composition of activated carbon, biocharwalnut, and wildfire ash
1 before and after sorption of aqueous Hg(II) at 1 μg L−1 in
the presence of DOM (with mid-DOC water) using an XPS-
ESCALAB Xi+ Thermo Scientific instrument with an Al Kα
radiation source. The binding energies of spectra were
calibrated to a C 1s peak at 284.8 eV.
Analytical Measurements. Filtered aqueous samples were

analyzed for THg by transferring the water samples into an
acid-cleaned, 40 mL glass vial (Thermo Scientific), and the
samples were digested overnight with an acidic mixture of
potassium permanganate and potassium persulfate at 80 °C.33
Filtered aqueous samples were analyzed for MeHg by
preserving the samples with 0.4% trace-metal-grade hydro-
chloric acid (Fisher Scientific)34 and kept in the dark at 4 °C
before distillation. We also measured the solution pH at the
end of the sorption and incubation trials using a daily-
calibrated pH meter (Mettler Toledo) and DOC with a total
organic carbon analyzer (Shimadzu).
All sediment samples were immediately frozen at −20 °C

and subsequently lyophilized with a benchtop freeze-dryer (SP
Scientific). The dry sediments were sieved through an acid-
cleaned 1 mm polypropylene mesh to remove larger particles
and measured THg and MeHg. Concentrations of Hg(II) in
the sediments were calculated by subtracting measured MeHg
from THg. To understand the effect of the sorbents on
inorganic Hg and MeHg partitioning, sediment−water
partition coefficients for both Hg(II) and MeHg (log Kd,Hg(II))
were calculated as the sedimentary concentration in ng kg−1

divided by the aqueous concentration in ng L−1.13 Total
amount of THg and MeHg as well as alteration of percentage
of THg as MeHg (% MeHg) in each incubation microcosm
were calculated to assess the Hg methylation potential of the
sediment incubation experiment impacted by sorbent
addition.30,35 Detailed analytical procedures for THg and
MeHg both water and sediment and quality assurance data can
be found in Text S2.
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Statistical Analyses. Nonlinear regression analysis was
performed using OriginPro 2021 (OriginLab Corporation,
Northampton, MA) since the linearization might result in an
inherent bias, diverse estimation errors, and fit distortions.
Hence, nonlinear modeling is considered a more robust
approach for estimating kinetic and isotherm parameters.36 All
linear regression analyses were performed using OriginPro
2021. One-way analysis of variance (ANOVA) with Student−
Newman−Keulsa multiple comparison tests was performed
using SigmaPlot 12.5 (Systat Software, Palo Alto, CA). The
significance level for all statistical analyses was set at p = 0.05.

■ RESULTS AND DISCUSSION
Basic Sorbent Characteristics and Hg−Sorbent

Interactions. There was a large range of C contents (10−
71%) among the tested solid sorbents. Both activated carbon
and biochars had >50% C contents, whereas laboratory-

controlled burn ash had intermediate (13−43%) and wildfire
ash the lowest (10−17%) C contents (Table S1). Notably,
there was a large range of residual Hg contents (0.4−59.0 ng
g−1) in the solid sorbents, being much higher in both low-
temperature laboratory-controlled burn and wildfire ashes than
those of activated carbon and biochars (2.6−10.6 ng g−1).
However, the laboratory-controlled burn ash generated at a
high temperature (550ox and 550py) had negligible residual
Hg (<1 ng g−1) (Table S1).
SEM micrographs of the three representative sorbents

(activated carbon, biocharwalnut, and wildfire ash 1) indicated
the prevalence of square morphologies and micropores with
rough surfaces on activated carbon (Figure 1a). The
biocharwalnut micrograph showed the presence of many large
pores and different morphologic irregularities on the surface
(Figure 1b). The SEM micrograph of the wildfire ash 1
displayed a porous-folded structure (Figure 1c); such features

Figure 1. (a−c) SEM images of activated carbon, biocharwalnut, and wildfire ash 1. (d−f) High-resolution XPS spectra of C 1s for activated carbon,
biocharwalnut, and wildfire ash 1 before and after reacting with Hg(II). (g−i) High-resolution XPS spectra of O 1s for activated carbon, biocharwalnut,
and wildfire ash 1 before and after Hg reactions.
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can contribute to increased surface area and an elevated
reactivity in interfacial reactions of the ash samples,37

potentially enhancing the aqueous sorption capability of
Hg(II) by wildfire ash 1 (see results below).
XPS characterization of sorbent materials before and after

reaction with aqueous Hg(II) displayed a clear Hg 4f peak for
wildfire ash 1. In contrast, the Hg 4f peak for activated carbon
and biocharwalnut was not clear, possibly owing to the low
Hg(II) level (1 μg L−1) used in this evaluation (Figure S1).
The high-resolution Hg 4f spectra for activated carbon,
biocharwalnut, and wildfire ash 1 after Hg adsorption were
fitted with a single Hg 4f spin−orbit split doublet (the Hg 4f5/2
and Hg 4f7/2 peaks).19,38 The reasons for the absence of a
spin−orbit for Hg 4f are unknown, but doublet peaks appeared
at 101.6 and 102.6 eV for activated carbon, 101.6 and 102.1 eV
for biocharwalnut, and 100.7 and 101.6 eV for wildfire ash 1
(Figure S1). The same peak at 101.6 eV revealed that Hg was
adsorbed in a similar Hg form ((−COO)2Hg) by activated
carbon, biocharwalnut, and wildfire ash 1.
A shift of the binding energy for C 1s and O 1s was observed

for activated carbon, biocharwalnut, and wildfire ash 1 before and
after Hg adsorption (Figure 1d−i and Table S2), implying the
involvement of C- and/or O-containing functional groups in
Hg adsorption.19,39 Strikingly, after Hg adsorption by activated
carbon, biocharwalnut, and wildfire ash 1, the carboxylic
(−COO) group in O 1s decreased from 35 to 15%, 29 to
15%, and 29 to 12%, respectively, and the decreasing trend was
consistent with the findings from C 1s (Figure 1d−i and Table
S2). The peak of Hg at 101.6 eV was assigned to complexes of
(−COO)2Hg (Figure S1).19,40 These results confirm a similar
Hg adsorption mechanism for activated carbon, biocharwalnut,
and wildfire ash 1 that involves the formation of complexes
between Hg and oxygen-containing functional groups,
especially the −COO group.
Unlike biocharwalnut and wildfire ash 1, Hg adsorption by

activated carbon resulted in a decrease of C content in the C�
C group by 14% (Figure 1d), suggesting that Hg removal by
activated carbon was also attributed to the formation of Hg−
Cπ bonds.40 Previous studies demonstrated that delocalized
lone-pair π electrons were associated with graphite-like
domains of plant-derived biochars.41,42 We found that the
quantity of π−π groups in biocharwalnut decreased substantially
from 21 to 4.2% (Figure 1e), indicating that π electrons may
be involved in the removal of Hg onto the biocharwalnut.
However, electrostatic interactions seem unlikely to be
involved when the dominant Hg species is uncharged
Hg(OH)2.

43 This suggests two possible alternative sorption
mechanisms: (i) π electrons could be involved in the reduction
of Hg(II) to Hg(I) on the C surfaces;43,44 and/or (ii) Hg(II)
might complex with C�C and C�O to form Hg-π binding
between Hg and a graphite-like structure (C�C) and C�O
in biochars.19 Notably, the C content in the C�O group
decreased by 6% in biocharwalnut after Hg adsorption (Figure
1e). Like biocharwalnut, the peak of π−π bonds for wildfire ash 1
decreased from 8 to 4% after Hg adsorption, suggesting that π
electrons may also be involved in Hg removal by wildfire ash 1.
Unlike activated carbon and biocharwalnut, the O content in

the C−O/−OH group decreased by 35%, and the C�O
group increased by 52% after Hg adsorption by wildfire ash 1
(Figure 1i). These shifts infer that phenolic hydroxyl groups
might participate in the reduction of Hg(II) during Hg
adsorption by wildfire ash 1, consistent with the adsorption
mechanism proposed for bagasse biochar in which the

reduction of Hg(II) by phenol was involved in Hg removal.19

Thus, considering Hg(OH)2 as the dominant Hg species in
this work at pH > 7,43 Hg adsorption to the contrasting
sorbent materials is posited as: (i) carboxylic and graphite-like
structures were the predominant binding sites for activated
carbon; (ii) carboxylic and π electrons were the major binding
sites for biocharwalnut; and (iii) carboxylic and phenolic
hydroxyl groups were the primary binding sites for wildfire
ash 1.
Aqueous Sorption of Hg(II). In the absence of added

Hg(II), there were noticeable changes in DOC concentrations
in the presence of activated carbon, biocharwalnut, biocharsawdust,
wildfire ash 1, and wildfire ash 2 for the different initial DOC
levels (i.e., low-, mid-, and high-DOC) (Figure 2). Specifically,

in low-DOC water, all sorbents, except activated carbon and
biocharwalnut, showed a net release of DOC. In mid-DOC
water, the magnitude of net DOC uptake increased for
activated carbon and biocharwalnut, whereas the net DOC
release was reduced for wildfire ash 1 and wildfire ash 2. In
high-DOC water, all sorbents, except biocharsawdust, showed a
strong net uptake of DOC from the solution (Figure 2). Only
activated carbon and biocharwalnut consistently retained DOC
at all of the DOC levels tested. Such DOC-dependent
properties for DOC release/uptake by the solid-phase sorbents
are especially important for determining aqueous Hg(II)
removal as DOM (through thiol groups) forms strong soluble
Hg complexes in natural waters.45

Aqueous Hg(II) adsorption by activated carbon, two
biochars (biocharwalnut and biocharsawdust), four laboratory-
controlled burn ash (250py, 250ox, 550py, 550ox), and two
wildfire ash (wildfire ash 1 and wildfire ash 2) samples are
shown in Figure 3 and Table S3. Notably, both “natural”
wildfire ash samples exhibited a similar equilibrium adsorption
capacity (qe) to activated carbon and biocharwalnut in low-DOC
water (Figure 3 and Table S3). Clearly, DOC had strong
effects on the qe of wildfire ash when compared to that of
activated carbon and biocharwalnut (Figure 3 and Table S3).
Interestingly, both natural wildfire ash samples had significantly
higher qec values (expressed as Hg sorbed per unit mass of C)
(p < 0.05) than activated carbon and the two biochars tested

Figure 2. Change of DOC (ΔDOC) 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−1; mid-DOC:
33.4 mg C L−1; high-DOC: 69.5 mg C L−1) after 48 h.
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(Table S3), which may result from Hg(II) being bound by
sorption or coprecipitation with mineral components, rather
than exclusively with organic moieties (Table S1),46,47 in
addition to potential interactions with the black carbon
fraction of the wildfire ash samples.9

For the laboratory-controlled burn ash, the material
generated under oxidation conditions (0.18−0.19 μg g−1 at
250 and 550 °C) had significantly higher qe values than ash
produced under pyrolysis (0.10−0.11 μg g−1 at 250 °C and
0.11−0.18 μg g−1 at 550 °C) (p < 0.05) (Figure 3 and Table
S3). The wildfire ash and laboratory-controlled burn ash
displayed quite different qe 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 250ox
and 550ox (p > 0.05). Consistently, wildfire ash 1, wildfire ash
2, and 550py all showed a significant declining trend of qe
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).22,23

To further evaluate the qe of activated carbon, two biochars,
and two wildfire ash samples, sorption isotherms for Hg(II)
were determined. The qe of all sorbents linearly increased with
increasing initial Hg(II) concentration (C0) for all three DOC
levels (Figure S3). The Langmuir model well described the
sorption isotherms for all sorbents, except for a low r2 value for
biocharsawdust 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.29 Notably, the theoretical adsorption capacity

Figure 3. Adsorption capacity of Hg(II) by activated carbon,
biocharwalnut, biocharsawdust, lab-controlled-burn ash (250py, 250ox,
550py, and 550ox), wildfire ash 1, and wildfire ash 2 under different
DOC level waters (low-DOC, mid-DOC, and high-DOC) spiked with
1 μg L−1 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. qe
indicates the equilibrium quantity of adsorbed Hg(II) on per unit
mass of sorbent. Error bars represent standard deviation.

Figure 4. Effects of activated carbon, biocharwalnut, biocharsawdust, lab-controlled burn ash (250py, 250ox, 550py, and 550ox), 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, 5,
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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(qm) for Hg(II) on wildfire ash 1 (15.5 μg g−1) and wildfire ash
2 (12.2 μg g −1) in mid-DOC water was similar to that of
activated carbon (13.9 μg g−1), but much higher than for both
biochar samples (<5 μg g −1) (Table S4). These results clearly
indicate the strong Hg(II) sorption characteristics by activated
carbon and the wildfire ash materials even in the presence of
natural DOM.
Finally, kinetic experiments demonstrated that 96% of

Hg(II) was quickly removed in the first 0.5 h by biocharwalnut,
whereas 94% of Hg(II) was removed by wildfire ash 1 and
wildfire ash 2 in the first 4 hours. In contrast, only 91% of
Hg(II) was removed by activated carbon after 12 h (Figure
S3). In low-DOC water, >90% of Hg(II) was removed in the
first 0.5 h by all materials except for biocharsawdust (Figure S3),
but a longer time would be required to remove 90% of Hg(II)
in higher DOC waters, revealing that the presence of ambient
DOM slows Hg(II) sorption by biosorbents.22,23 Meanwhile,
when we carried out kinetic studies in high-DOC water, the
Hg adsorption rate increased rapidly in the first 1 h for wildfire
ash 1 and wildfire ash 2, but then decreased during the
following hours before achieving an apparent equilibrium after
48 h (Figure S3). We ascribe the rapid initial rate of aqueous
sorption during the first hour to the adsorption of labile
Hg(II), whereas subsequent release of DOM from the sorbent
resulted in competition and a slowing sorption process.
Similarly, the net release of DOM from biocharsawdust (Figure
2) may be responsible for the lack of Hg(II) reaching
equilibrium during the 48 h equilibration period. These
findings further demonstrate the importance of DOM as a
strong competing ligand for Hg(II) complexation with the
binding sites on the solid-phase sorbents.
Effect of Solid Sorbents on Sedimentary Mercury

Mobilization and Methylation. Relatively high levels of
Hg(II) were mobilized from the Hg-contaminated South River
sediments after 14 days of sealed incubation, with an average
filtered THg concentration of 1,033 ng L−1. The addition of
solid-phase sorbents (1, 5, and 10% addition levels) reduced
filtered THg concentrations to a range from 52 to 669 ng L−1,
with the exception of the 10% biocharwalnut treatment in which
filtered THg concentration strikingly increased to 2,710 ng L−1

(Figure 4 and Table S5). At the 5% addition level, the sorbents
displayed the following order in reducing filtered THg during
the 2 week anoxic incubation: 250ox ∼ 550ox > wildfire ash 2
∼ wildfire ash 1 ∼ biocharsawdust > activated carbon ∼ 550py ∼
250py ≫ biocharwalnut. In general, as the sorbent addition level
increased, the filtered THg concentrations decreased for
activated carbon (by 45 and 77%; 5 and 10% addition relative
to the control, respectively), biocharsawdust (by 37 and 92%),
wildfire ash 1 (by 48 and 92%), and wildfire ash 2 (by 50 and
88%) (Figure 4 and Table S5). In contrast, increasing the
addition level of biocharwalnut resulted in even higher filtered
THg concentrations (Figure 4) that we attribute, in part, to the
increase of pH (from 7.1 to 8.5) with increasing biocharwalnut
levels as desorption of soil Hg(II) has been shown to increase
with increasing pH values from 7 to 9.48 In general, both
biochar and wildfire ash materials can be alkaline (pH 9−12),
with the pH values increasing as the production temperature
increases.49 We also observed a strong inverse, nonlinear
relationship between (filtered) THg and DOC in the
treatments with the two wildfire ash samples (Figure S4a),
implying potential decoupling of DOM and Hg(II) in the
dissolved phase under anoxic conditions.

Among laboratory-controlled burn ash samples, the 5%
addition level of 250ox and 550ox reduced THg by 95 and
92% (compared to control), respectively, which were
considerably more effective than the corresponding pyrolysis
counterparts of 250py (by 42%) and 550py (by 73%) (Table
S5). Notably, a significantly higher aromatic hydrocarbon
content was detected in 250ox (45.0 ± 3.4%), 550ox (50.8 ±
3.7%), and 550py (52.0 ± 5.1%) than that in 250py (25.9 ±
3.9%) (data from Chen et al., in review), possibly implying a
role for aromatic hydrocarbon compounds in reducing Hg(II)
mobilization from the contaminated sediment. These findings
corroborated the findings of Ku et al.9 in which higher
aromatic hydrocarbon content materials tended to limit Hg
release to the aqueous phase. Moreover, the ash produced
under oxidation conditions (i.e., in the presence of oxygen and
a high temperature of 450−1,400 °C) was more effective in
sequestering sedimentary Hg(II) than ash produced under
pyrolysis conditions (i.e., under limited oxygen and a lower
temperature from 250 to 450 °C).25
In contrast to the high Hg mobilization from sediments, the

control treatment resulted in relatively low levels of filtered
MeHg (1.8 and 3.7 ng L−1), and the various solid-phase
sorbent addition showed variable effectiveness in reducing
(filtered) MeHg concentrations (Figure 4 and Table S5). The
activated carbon and two of the laboratory-controlled burn ash
samples (550py and 550ox) reduced MeHg levels in the
incubated samples, whereas the other sorbents produced no
effect or even slightly promoted MeHg concentrations in the
aqueous phase. The stimulation of MeHg production seems
contradictory to the ash-only incubation study by Ku et al.9 in
which the authors observed little Hg(II) and MeHg in the
aqueous phase; we believe that the presence of a contaminated
sediment in the current study would provide much more
bioavailable Hg(II) and labile organic matter, and these
conditions would be more stimulative to Hg(II) methylation
than ash-only conditions. The higher aqueous MeHg
concentrations may be associated with the higher DOC
concentrations in wildfire ash 1 (r2 = 0.622; p < 0.05) and
wildfire ash 2 (r2 = 0.707; p < 0.05) treatments (Figure S4b).
Previous studies have demonstrated that DOC can be utilized
by microbial Hg methylators as an electron donor to facilitate
conversion of Hg(II) to MeHg.50,51

Possible reasons for such a low percentage of MeHg yield
include the relatively low organic matter content (loss-on-
ignition measured at 7%)52 of the relatively coarse,
contaminated sediments that may limit microbial activity,
and also the very high background Hg levels in the sediment
that resulted in only a small fractional conversion of THg to
MeHg. Another potential reason would be the inhibition of
MeHg production due to elevated THg sedimentary levels
(13.4 μg g−1) as a field study in the historic Hg mining area in
Yolo County, California, observed decreasing MeHg with
increasing THg in sediments above the THg level of 17 μg
g−1.53

Consistent with published data from another sorbent
addition study,13 bulk sediment THg concentrations were
not a good predictor of the effectiveness of sorbents, but
sedimentary MeHg concentrations in biocharsawdust, wildfire ash
1, wildfire ash 2, and 250py additions were 42, 97, 85, and
103% higher than controls (Table S6). Previous studies have
demonstrated that the increase in sedimentary MeHg with
sorbent addition could have arisen from higher rates of gross
MeHg production or reduced MeHg efflux to overlying
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water.13,23 Notably, the partition coefficients of MeHg (log Kd
MeHg) in sediments with additions of biocharsawdust, wildfire
ash 1, wildfire ash 2, and 250py were not significantly different
from the control treatment (p > 0.05) (Figure S5). However,
with higher log Kd of Hg(II) (Figure S5) and whole microcosm
percentage of MeHg (i.e., both water and sediment) (Figure
S6) being observed in treatments with biocharsawdust, wildfire
ash 1, wildfire ash 2, and 250py, the results may imply that
these sorbents may disproportionately increase the availability
of Hg(II) for microbial Hg methylators and may result in
higher Hg(II) methylation yields under evelated DOC
conditions.54,55 Direct study of DOM characteristics and
microbial Hg(II) methylation56 of these incubation samples
will be needed to better understand the complex biogeochem-
ical processes.
It is worth noting that Hg methylation trends in the present

study were limited to a relatively short term (2 weeks). Despite
the strong sorption toward Hg(II) by wildfire ash, which
contributes to the inhibition of MeHg production, on the other
hand, the nutrients released by ash4 may aid in promoting
microbial MeHg production as indicated by the MeHg data,
and perhaps MeHg can be degraded in the longer term.54

Therefore, the ecological risk of wildfire to the downstream
water environment in the long term is still entirely unclear and
needs further investigation.
Environmental Implications. This work demonstrates

that ash produced by wildfire and prescribed burning has a
significant impact on aquatic Hg cycling processes by
sequestering aqueous Hg, mediating sedimentary Hg mobi-
lization, and altering its conversion to highly toxic MeHg.
Wildfire ash materials are readily transported to aquatic
systems through runoff/erosion and hydrologic transport
following wildfires.24 Per unit mass of bulk or C content, we
found that wildfire ash had the highest sorption capabilities for
aqueous Hg(II), as compared to activated carbon and selected
biochars. The Hg adsorption mechanisms appear to differ
among the sorbents evaluated: (i) carboxylic and graphite-like
structures were the predominant binding sites for activated
carbon; (ii) carboxylic and π electrons were the major binding
sites for biocharwalnut; and (iii) carboxylic and phenolic
hydroxyl groups were the primary binding sites for wildfire
ash. DOM leaching from some sorbent materials reduced their
net Hg sequestration effectiveness owing to competition for
aqueous Hg(II) between the solid-phase sorbents and
aqueous-phase DOM.
While the effectiveness of activated carbon for inhibiting

MeHg production and bioaccumulation in Hg-contaminated
aquatic ecosystems has been previously demonstrated,13,14 we
also confirmed that certain biochars, laboratory-controlled
burn ash, and wildfire ash materials altered aqueous Hg(II)
levels, bioavailability of Hg(II), and sedimentary Hg
methylation. Nevertheless, while wildfire ash can strongly
sequester aqueous Hg(II), leaching of its labile organic matter
may mobilize sedimentary Hg(II) and/or promote the
production of toxic MeHg that can bioaccumulate/biomagnify
in downstream aquatic habitats. A similar observation on
increased MeHg bioaccumulation was reported in a down-
stream lake in Alberta, Canada, after wildfire, partly due to
restructuring of food web structure in the lake.57 These
findings indicate that wildfire ash, especially those generated
under low-intensity wildfire (i.e., resulting in black ash), can
have appreciable effects on Hg cycling processes in aquatic
ecosystems (rivers, wetlands, reservoirs, lakes) and should be

considered in post-fire aquatic ecosystem restoration activities
and also within the context of the global Hg cycle.58 In
addition to the increasing adoption of prescribed burning,
wildfire impacts on aquatic Hg cycling are expected to greatly
increase as the number, size, and intensity of wildfires rapidly
increase with climate change.
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