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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Biochar amendment to paddy soils was promising to mitigate mercury (Hg) accumulation in rice; thus, it was
applied to reduce human Hg exposure via rice consumption. However, how biochar affects Hg mobilization and

Keywords: MeHg formation in soil under changed redox potential (Ep) conditions remained unknown. Here, we explored the

Hg methylation change of dissolved total Hg (DTHg) and dissolved MeHg (DMeHg), and their controlling biogeochemical factors

Redox chemistry

Paddy soil

Soil organic matter composition
Mercury mine

in a soil with(out) biochar amendment under changing Ej, conditions using biogeochemical microcosm. Biochar
amendment resulted in a widen Ej range (—300 to 400 mV) compared to the control (—250 to 350 mV),
demonstrating that biochar promoted reduction-oxidization reactions in soil. Biochar amendment enhanced Hg
mobilization by mediating reductive dissolution of Fe/Mn (hydr)oxides. Thus, the increased Hg availability
promoted MeHg formation in the soils. Biochar amendment changed the soil organic matter (SOM) composition.
Positive correlations between the relative abundance of LIPID (lipids, alkanes/alkenes), ALKYL (alkylaromatics),
and suberin and MeHg concentrations indicate that these SOM groups might be related to MeHg formation.
Biochar enhanced the releasing and methylation of Hg by promoting the mobilization of Fe(oxyhydr)oxides and
alternation of carbon chemistry under dynamic Ej conditions. There is an unexpected environmental risk
associated with biochar application to paddy soils under dynamic Ej, condition, and one should be aware this risk
when applying biochar aiming to minimize human Hg exposure health risks via rice consumption.

1. Introduction causing Hg bioaccumulation in food chain (Wang et al., 2012, 2016).
Human exposure to Hg through consumption of crops cultivated at Hg-

Mercury is toxic to human, and the long-range transport of elemental contaminated farmlands (Liu et al., 2019; Wang et al., 2020). Con-
gas Hg in the atmosphere can cause contamination of remote land via sumption of Hg-contaminated foods is the major pathway of human
deposition (Hsu-Kim et al., 2018; Beckers and Rinklebe, 2017). Mercury exposure to both MeHg and inorganic Hg at Hg-contaminated regions
released from both natural and human activities has contaminated soils, worldwide (Feng et al., 2008; Li et al., 2015). Therefore, urgent
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measures and actions are needed to reduce the concentration of Hg in
crops (Zhao et al., 2015), and thereby reducing human Hg exposure
health risks. Remediation methods for farmlands are sparse (Wang et al.,
2019a, 2020), and those for industrial contaminated sites (e.g., stabili-
zation/solidification, thermal treatment, and vitrification) are often
destructive, costly, and environmental-unfriendly (Wang et al., 2012).
The reduction of bioavailability of pollutants by addition of amend-
ments (in-situ immobilization) has attracted global interests because it is
in-situ, easy to manage and environment-friendly (Palansooriya et al.,
2020; Wang et al., 2019a,b; Wu et al., 2021). Developing commercial
and cost-effective amendments is crucial for establishing successful in-
situ immobilization methods (Porter et al., 2004; Yang et al., 2022).

Biochar produced from pyrolysis of biomass under Oo-limitation
(Bolan et al., 2022; Joseph et al., 2021) is a popular soil amendment due
to its great potentiality in improving soil quality, and carbon seques-
tration against global warming (Rinklebe et al., 2016;Shaheen et al.,
2022a,b). Biochar can serve as an electron donator and acceptor, and
transfer electrons to promote reduction and oxidization of redox-
sensitive elements (Lau et al., 2015; Amen et al., 2020). Enhanced
redox reactions by biochar likely affect Fe/Mn(hydr)oxides and carbon
chemistry, which in turn influence the speciation of trace elements
(Awad et al., 2018; Liu et al., 2019a). There is a growing interest of using
biochar to mitigate Hg risks from paddy soils because both, pot and field
experiments had demonstrated that biochar amendment could reduce
the concentration of Hg in rice grain (Xing et al., 2019, 2020; Shaheen
et al., 2022a). For example, Xing et al. (2020) performed a field trial to
study the amendment of 24-72 t ha™* rice hull biochar to paddy soils on
Hg accumulation by rice grain, and results showed that total Hg and
MeHg content decreased by 32-36 % and 47-53 %, respectively, as
compared to non-treated control. Mechanisms of Hg decrease in rice
plants by biochar are often attributed to the inhibition of MeHg for-
mation or a decreased bioavailability of MeHg in paddy soils (Shu et al.,
2016; Xing et al., 2020). However, the performance of biochar on the
mobilization and methylation of Hg in paddy soils under varied
environmentally-relevant redox conditions is largely unknown. A pilot
study from Beckers et al. (2019) showed that Hg mobilization was
poorly affected by pine cone biochar in a contaminated floodplain soil
under changed redox potential (Ep) conditions.

Biochar can change pH and the composition of dissolved organic
matter (DOM) in soils (Cooper et al., 2020; Jing et al., 2020). The change
of pH can cause desorption of DOM from mineral phases. Also, biochar
can preferentially sorb DOM with high aliphaticity (Smebye et al.,
2016). Organic matter compositions play a vital role for the formation of
MeHg (Bravo et al., 2017; Jiang et al., 2018; Knorr and Blodau, 2009).
For example, low-mass thiol-containing molecules can facilitate
bacteria-mediated Hg methylation (Schaefer et al., 2011). Nevertheless,
the change of organic matter composition by biochar and how this
change affects Hg mobilization and methylation in soils under dynamic
redox conditions is still unclear.

The Wanshan Hg mine is located in the Southwestern part of China,
and its historical mining and retorting activities had resulted in severe
Hg pollution in surrounding soils (Wang et al., 2011). The Wanshan Hg
mine region had been listed as one of six pilot demonstration zones by
the Chinese government for Hg remediation (Sun et al., 2020), and rice
hull biochar was amended for paddy field remediation (Xing et al.,
2019). We collected both a control and a biochar-treated soil from a
paddy field at the Wanshan Hg mine. For the first time, we incubated
both the control and biochar-treated soils to dynamic redox conditions
in automated biogeochemical microcosms. Thereby, we simulated
flooding conditions to mimic dynamic changes of the redox potential as
it naturally occurs in paddy soils. We aimed to elucidate (1) the impacts
of biochar on the Hg mobilization and MeHg formation, (2) how biochar
affects biogeochemical factors (e.g., Fe/Mn(hydr)oxides, dissolved
organic carbon (DOC), sulfate, etc.), and their associations with Hg
mobilization (3) how biochar alters the composition of soil organic
matter (SOM), and how these changes affect MeHg formation. The
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gained results are critical to use biochar as a sustainable amendment to
reduce Hg accumulation by rice, and thereby minimizing human health
risks through rice consumption.

2. Materials and methods
2.1. Production and characterization of biochar

The rice hulls were pyrolyzed at 550 to 600 °C in low oxygen envi-
ronment to produce rice hull-derived biochar (Xing et al., 2020). The pH
and electric conductivity (EC) were determined according to Xing et al.
(2020). The determination of total C, N, and S was performed using a
Total C/N analyzer. Carbon functional groups of biochar were revealed
using X-ray photoelectron spectroscopy (XPS) (K-Alpha, ThermoFisher,
USA), and Raman spectrometry (ARAMIS, HoribaJobin, Japan).
Morphology and elemental compositions of biochar were characterized
by a scanning electron microscopy (SEM, Hitachi S-4800 with ISIS 310,
Japan) coupled with energy-dispersive spectroscopy (EDS).The pro-
duced biochar was neutral (pH = 7.1); it had total carbon (C), nitrogen
(N) and sulfur (S) content of 530, 7.9, and 0.9 g kg_l, respectively. The
total Hg content in the biochar was less than 0.3 mg kg ™.

2.2. Soils collection

Both, non-biochar treated soil (control) and biochar-treated soil
(amendment of 72 t ha™! rice hull-derived biochar to the Wanshan soil
at a treatment depth of 30 cm) were collected from the experimental
farmlands at the Wanshan Hg mining region, China (Xing et al., 2020).
The control soil and the biochar-treated soil were collected after aging
for 3 months in the field. About 100 kg of top layer soil samples (0-30
cm) were randomly collected from either control or biochar treatment,
and thereafter they were sieved (4-mm) after being air-dried. The con-
trol soil was neutral (pH = 6.7) and its electric conductivity (EC) was
132 pS ecm L. Total C, N and S concentration in the control soil was 2.5,
0.32 and 0.035 %, respectively. The concentration of total Hg was 39.8
+ 4.9 mg kg™! (n = 3) and MeHg was 2.5 + 0.2 ng g~ (n = 3). Soil
texture was characterized as silt loam: 0.01-2 pm (6 %), 2-20 pm (34
%), and 20-200 pm (59 %). The biochar-treated soil was neutral (pH =
6.56), and its EC value was 120 uS em L. Total C, N and S concentration
in the biochar-treated soil was 5, 0.35 and 0.036 %, respectively; Total
Hg and MeHg concentration was 38 + 2.6 mg kg’1 (n=3)and 4.3+ 0.4
ng g_1 (n = 3), respectively (Xing et al., 2020).

2.3. Microcosm study

Automated biogeochemical microcosm (MC) equipment was adop-
ted to study the Hg mobilization and MeHg formation under changing
redox conditions. The detailed setup information of the MC system is
described previously; an image and a schematic of MC equipment are
displayed in the Supplementary information (Yu et al., 2007; Yu and
Rinklebe, 2011). About 210 g of air-dry soil together with 1680 mL of
tap water were filled in each 2 L glass vessel equipped in each microcosm
(MC), and then the vessel was air-tight closed. The soil suspension was
constantly stirred during the experimental period (28 days). Each
treatment had three independent replicated MCs. Both, pH and Ej, values
of each MC unit were recorded by a data logger every 10 min. The Ej, was
stepwise regulated by flushing Ny (decreasing Ep) or synthetics air/O;
(increasing Ey,) to predefined Ey windows —250 mV (—300 mV for the
biochar treatment), —200 mV, —100 mV, 0 mV, +100 mV, +200 mV,
+350 mV (+400 mV for the biochar treatment), respectively. The soil
suspension was kept for 48 h at each pre-set E, window prior to
sampling.

A volume of 80 mL of the soil suspension was collected from each MC
at each predefined E;, window using a syringe. Also, a soil suspension
sample (initial) was collected at the beginning of the experiment. The
soil suspensions were transferred to 50-mL centrifuge tubes in a
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anaerobic chamber (glove box) filled with 90 % N3 and 10 % Ha.
Thereafter, samples were centrifuged at 5000 rpm for 15 min. The
centrifuged suspension was filtrated through a 0.45-pm pore size
membrane filter in an inert atmosphere. Subsequently, the filtrate was
divided into five subsamples. The first subsamples were acidified to 1 %
with concentrated HNOs3 (65 %) for total Fe and Mn analyses; the second
subsample group was acidified to 2 % with concentrated HCI (45 %) for
the analysis of both, MeHg and THg; the residual subsamples were
analyzed for dissolved organic carbon (DOC), sulfate, and specific UV
absorbance (SUVAgs4), respectively. Soils precipitated in the tubes were
collected, and freeze-dried for total MeHg analysis.

2.4. Soil solutions analysis

The concentration of dissolved Hg was measured by a DMA-80 Hg
analyzer (Milestone Srl, Sorisole, Italy), which has a absolute detection
limit of 0.05 ng (Wang et al., 2019a). MeHg concentration in soil solu-
tion was determined in accordance with U.S. EPA method 1630 (USEPA,
2001). The concentrations of dissolved Fe and Mn, dissolved organic
carbon (DOC), sulfate, and Specific UV light absorbance at 254 nm
wavelength (SUVAgs4) were measured according to the standard
methods (Supplementary information, S1.1) (Wang et al., 2021; Yang et
al, 2022).

2.5. Soil solid phase analysis

MeHg in soil samples was analyzed using the method of Liang et al.
(2004). Briefly, soil samples were extracted with the mixture of CuSO4-
methanol, and the phase concentrated with MeHg was separated by
dichloromethane (CH3Cly). MeHg was determined using a CVAFS
analyzer (Brooks Rand Instruments, USA). Carbon K-edge X-ray ab-
sorption near-edge structure spectroscopy (XANES) analysis was per-
formed for both, the control and biochar-treated soil at the beamline
4B7B at Beijing Synchrotron Radiation Facility. The analytical proced-
ure for XANES was adopted from Wang et al. (2015). The near-IR (NIR)
spectra of the control and biochar-treated soil were collected using the
Fourier Transform Infrared (FT-IR) spectrometer (Nicolet 6700, Thermo
Scientific™).The CaFy beam splitter, white light source and InGaAs
detector were used for near-IR region (8000-4000 cm ™). Measurement
setting was 64 scans with a resolution of 4 cm ™! and spectra manipu-
lation was performed according to the method of Slany et al. (2022).
Organic matter composition of soil was determined by Pyrolysis-Field
Ionization Mass Spectrometry (Py-FIMS). The Py-FIMS methodology,
including type of instrument, high vacuum conditions, heating rate, and
ion detection was described previously (Schulten and Leinweber, 1999;
Shaheen et al., 2022b). Assignment of marker signals (m/z) to relevant
compound classes was shown in Table S1 (Leinweber et al., 2009).

2.6. Data quality control/quality assurance

The controlling of data quality was achieved by quadruplicate/
triplicate analyses, blank samples, and employment of standard solu-
tions (Merck) during the measurement. The acceptable value was
defined as relative standard deviation (RSD) between replicates of lower
than 15 %. Certified soil reference materials named GBW(E)070009 and
CC580 obtained from the Institute of Geophysical and Geochemical
Exploration, China were utilized for quality assurance of Hg analysis.
The recovery ratios for total Hg and MeHg are presented in Table S2. The
IBM SPSS Statistics 23 (NY, USA) was used for statistical analyses. One-
way ANOVA was used to test means for the variables with Duncan’s
multiple range tests at P < 0.05. Figures were created using OriginPro
9.1 b215 (OriginLab Corporation, Northampton, USA). Multivariate
regression analyses were performed using Microsoft Office Excel 2010.
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3. Results and discussion

3.1. Chemical composition and morphology of the studied rice hull
biochar

The high-resolution spectrum of the carbon region using XPS of the
studied biochar showed the three deconvoluted peaks of C 1s at 284.3,
285.4, and 287.5 eV, respectively (Fig. 1-A). They correspond to sp>
hybridized carbon (284.3 eV), C—0O/C—OH (285.4 eV), and carbonyl
groups (287.5 eV) (Kim et al., 2015; Sorrenti et al., 2016).The Raman
spectrum of the biochar has a peak at 1580 cm™! reflecting a sp-hy-
bridized graphitic carbon structure (G-band), and another peak at 1357
em ! (Fig. 1-B), indicating in-plane vibrations of sp>-type carbon within
structural defects (D band) (Fang et al., 2017; Maghsoumi et al., 2015).
Thus, both, the XPS and Raman spectra, provided a clear evidence of the
high aromatic structure of the studied rice hull-derived biochar. This
agreed with an earlier study (Xiao et al., 2018).

The SEM image showed an irregular and rough surface of the biochar
particles (Fig. S1). The EDX spectroscopic analysis revealed that biochar
particles contained 53 % C, 0.1 % Na, 0.1 % Mg, 4.0 % Si, 0.63 % K, and
1.0 % Ca, respectively. Carbon content obtained by EDX spectroscopy
(53 %) matched well with the results obtained by total C/N analyzer (53
%) (S1.2, supplementary information), demonstrating that the particles
for SEM-EDX analysis were representative for the bulk of biochar matter.
The studied biochar contained more Si (4 %) than Ca (1.0 %), K (0.63
%), Na (0.1 %), and Mg (0.1 %) (Fig. S1), as rice hull was rich in Si
(Savant et al., 1996).

3.2. Carbon content and its functional groups in the soils

The content of total carbon in the biochar treatment (total carbon
content = 5 %) was 2 times higher than in the control (total carbon
content = 2.5 %), which is related to the input of carbon originating
from the biochar (Xing et al., 2019). The carbon K-edge XANES spectra
of both, the control and the biochar-treated soil show two clear peaks at
285.4 and 288.9 eV (Fig. 1-C), corresponding to aromatic (e.g., pro-
tonated or alkylated aromatic C) and carboxyl C (e.g., carboxylic, car-
boxylamide, carbonyl C), respectively (Guo and Chen, 2014; Prietzel
et al., 2018). The peak at 285.4 eV is much stronger in the biochar-
treated soil as relative to the control, indicating the presence of more
aromatic C in the biochar-treated soil, which is consistent with the
Raman result (Fig. 1-A, B).

The NIR spectra of the control and biochar-treated soil are shown in
Fig. 1-D. The complex band in the region 7150-7000 cm ™ is related to
the overlapping first overtones of the stretching vibrations of the
structural —OH groups of soil and H20 molecules involved into H-
bonds. The absorption band at 5232 cm ™! corresponded to the combi-
nation (v + 8)HzO band in the soils. The band at 4526 cm™! was
observed due to the combination mode of structural OH groups (Slany
et al., 2019). Very weak (v + 8)CH bending bands are observed at both
4444 cm™! and 4252 cm™!. The presence of —CHjg group might come
from aromatic carbon (C—O—CHs group) (Schmidt-Rohr et al., 2004).

3.3. Epand pH

The maximum, minimum, and mean values of E;, (6 h before sam-
pling, n = 1176) are 334, —219, 62 mV in the control, and 391, —271,
68 mV in the biochar treatment (Fig. 2 and Table S3). The E}, zones of the
biochar-treated soil is 109 mV larger than that of the control across the
study (Fig. 2 and Fig. S2), which was likely due to the biochar-enhanced
redox reactions, as biochar was able to donate via phenolic groups and
accept electrons via quinones/polycondensed aromatic structures
(Kliipfel et al., 2014; Steinbeiss et al., 2009). Also, biochar could induce
interspecies electrons transfer via conduction-based mechanisms
(Bourke et al., 2007; Chen et al., 2014; Dissanayake et al., 2018). The
studied rice hull biochar was rich in aromatic C and graphitic structures
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(spz—hybridized C, Fig. 1-A), which might enhance redox reactions by
increasing electron accepting moieties and conductivity in the soil.
The maximum, minimum, and mean values of pH (6 h before sam-
pling, n = 1176) were 7.69, 7.00, 7.29 in the control and 7.25, 6.39, 6.73
in the biochar-treated soil (Fig. 2 and Table S3).The pH behave
controversially to Ej in the two soils during the change of Ey, (Fig. 2 and
Fig. S2), which might be related to the depletion of protons by reduction
of Fe**, NO3, and Mn** under anaerobic conditions, and the release of
protons by oxidation processes under aerobic conditions (Rinklebe et al.,
2016). The mean pH value in the biochar treatment is 0.63 units lower
than the control (Table S3). The studied biochar (pH = 7.09) is more

alkaline than the soil (pH = 6.7), and thus, the acidification by biochar
was unlikely. Alternatively, microbial-mediated decomposition of small
organic molecules of biochar might produce organic acids and CO,,
leading to acidification (Cheng et al., 2017; Yuan et al., 2017). The
widened Ej, range and decreased pH of the soil suspension, induced by
the amendment of biochar should have affected the Hg mobilization and
MeHg formation through mediating redox/pH-sensitive reactions.

3.4. Dissolved total Hg (DTHg)

The concentration of DTHg showed an Ep-dependent behavior in
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both, control and biochar treated-soils (Figs. 2, 3). In control soil, DTHg
concentrations are 0.55-0.91 ng mL~" at the Ej, range of —250 to —100
mV, and 0.08-0.34 ng mL ™! at the E}, range of 0 to +350 mV (Fig. 3). In
the biochar-treated soil, DTHg concentrations are 0.9-1.25 ng mL ™! at
the Ej, range of —300 to —100 mV, and 0.23-1.18 ng mL ™! at the Ej,
range of 0 to +400 mV (Fig. 3). We further compared the concentrations
of DTHg between the control and biochar treatment at each E;, window,
and found that DTHg concentrations were 29-268 % higher in the
biochar treatment relative to control across the studied E;, zones, and the
magnitude of increase was smaller at higher E}, ranges (0 mV to +400
mV, 29-64 %) than at lower ranges (—300 mV to —100 mV, 82-268 %)
(Fig. 3). The concentration of DTHg in the biochar-treated soil exceeds
that in the control. Mercury was mobilized at low Ep, but it was
immobilized at high Ej, in the two soils. Those results demonstrate that
the amendment of the rice hull-derived biochar enhanced the mobili-
zation of Hg under the experimental conditions. To elucidate the
biogeochemical processes controlling Hg mobilization, we further
studied biogeochemical factors and their geochemical associations with
Hg.

3.5. Biogeochemical factors controlling the mobilization of Hg

3.5.1. Fe/Mn redox chemistry

The concentrations of dissolved Fe and Mn varied as a function of Ey
in the two treatments (Fig. 3). The concentrations of dissolved Fe and
Mn were higher at lower Ej range (—300 to —200 mV), while they
decreased when E}, exceeded —100 mV. The formation of Fe/Mn(hydr)
oxides from anaerobic to aerobic conditions seemed the dominating
biogeochemical process here. Supporting this assumption, we observed
significant negative correlations between E; and Fe/Mn (Fig. S3). The
reductive dissolution of Fe/Mn (hydr)oxides led to higher Fe and Mn
concentrations in the lower E; range (—300 to O mV). Goethite
(a-FeOOH) reduction to Fe?* is initiated at Ej, lower than —250 mV, and
amorphous Fe(hydr)oxides reduction occurs at E; —100 mV (Borch
et al., 2010). The lowest Ej, in the control and biochar treatment was
—223 and —277 mV, respectively (Table S3). Under such Ej, conditions,
we expected an intensive reduction of Fe/Mn oxides (e.g., amorphous Fe
oxides, goethite), particularly in the biochar treatment because its Ep
was lower (Fig. 2). Overall, the concentrations of dissolved Fe and Mn
decreased gradually with the rising of E,, (Fig. 3), because the reductive
dissolution of Fe/Mn oxides became weaker and the formation of (hydr)
oxides of Fe and Mn was prevalent under higher Ej, conditions. Addi-
tionally we found significant linear relationships between dissolved Fe/
Mn and Hg for the two soils (P < 0.05, Fig. 4). The linear correlation
coefficient of Hg vs Fe (control: R? = 0.90; biochar: R? = 0.86) was
stronger than that of Hg vs Mn (control: R? = 0.37; biochar: R? = 0.73)
(Fig. 4), which indicates a closer geochemical association of Hg with Fe
than that with Mn in the soils (Wang et al., 2021b). The result was
consistent with a previous study that Fe oxy(hydr)oxides were important
Hg sinks, and Hg had a close geochemical relation with Fe (Harris-Hellal
etal., 2011). Consequently, Hg mobilization at low E;, windows shall be
closely related to the reductive dissolution of Fe(hydr)oxides. This
phenomenon had already been reported in wetlands soils (Frohne et al.,
2012). Here, the acidic dissolution of Fe(hydr)oxides was of minor
importance because the soil was alkaline (pH > 7.0) at low Ej (Fig. 2).

The average concentrations of dissolved Fe and Mn in the biochar-
treated soil were 1.9 and 2.6 times higher than the control soil. The
increased concentrations of dissolved Fe and Mn might partially origi-
nate from biochar. Here, the dissolved Fe and Mn in the soil originating
from the biochar were calculated to be 1.5 pg L™ and 0.74 pg L7},
respectively (S1.3, supplementary information). These concentrations
were smaller by orders of magnitude than the detected values in the
biochar-treated soil (dissolved Fe > 500 mg/L, dissolved Mn > 5 mg/L).
Therefore, the elevated concentrations of dissolved Fe and Mn in the
soils was due to the reductive dissolution of Fe/Mn(hydr)oxides (Borch
et al., 2010) (Fig. 3, Fig. S3).
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The same linear regression slope values (0.0004) for Hg vs Fe for the
control and biochar-treated soils might imply that mechanisms of Fe
(hydr)oxides dissolution were similar in the two soils (Fig. 4). If the
mechanism of Hg mobilization was different between the control and
biochar-treated soil, the regression slope values for Hg vs Fe should be
different, which was not the case here. Therefore, the amendment of
biochar appeared to promote the dissolution of Fe(hydr)oxides (also via
lowering Ey), releasing more Fe as well as the associated Hg. Also, the
linear regression slope value for Hg vs E; was —0.001 for both, the
control and biochar treatment, further demonstrating a similar mecha-
nism controlling the mobilization of Hg in the two soils under dynamic
Ej, conditions (Fig. S4).

3.5.2. DOC, SUVAzs4, and SOF

The DOC concentration (17-24 mg/L) at low E, windows (—250 to 0
mV) exceeded those at high E;, windows (7.3-14 mg/L; +100 to +350
mV) in the control soil (Fig. 3). This phenomenon might be explained by
the mobilization of organic carbon through the reductive dissolution of
Fe/Mn(hydr)oxides under anoxic conditions (Rinklebe et al., 2020;
Shaheen et al., 2014b). Nevertheless, the concentrations of DOC were
variable in the biochar-treated soil under dynamic redox conditions
(Fig. 3). For example, the lowest (7.1 mg/L) and highest (40 mg/L)
values were present at E, —300 mV and —100 mV, respectively (Fig. 3).
Overall, the average concentration of DOC was increased by 56 % in the
biochar treated-soil as relative to control throughout the experiment.
Giving that both, control (32 mg/L) and biochar treatment (36 mg/L),
had similar DOC concentrations at the beginning of experiment (initial
sample), it is likely that the increased DOC concentration might be
caused by biochar-promoted formation of DOC from native soil organic
matter (Jiang et al., 2016), and/or microbial-mediated decomposition of
small organic molecules that were bound at the surface of biochar (Yuan
et al., 2017).

There was a positive correlation between the concentration of DTHg
and that of DOC in the control (Table S4, r = 0.85), suggesting that DOC
facilitated Hg migration (Jeremiason et al., 2015), as Hg binding to DOC
could inhibit Hg?" sorption onto surfaces of minerals (Wallschliger
et al., 1996). However, no clear relation between the concentration of
Hg and that of DOC was observed in the biochar treatment. This might
be due to a more diverse composition of DOC in the biochar-treated soil
as different sources of DOC affected mobilization of Hg differently
(French et al., 2014). For example, Jiang et al. (2018) reported an
opposite effect of allochthonous and autochthonous DOC on Hg avail-
ability in three Chinese lakes, since allochthonous DOC inhibited Hg
availability for Hg methylation microorganisms, while autochthonous
DOC stimulated MeHg formation by enhancing the activity of microbial
communities.

SUVAss4 is an indicator of the aromatic moieties of DOC; a smaller
value means a lower ratio of aromatic to aliphatic DOC, and vice versa
(Shaheen et al., 2014a). There was no clear trend for SUVA3s4 in both
control and biochar treatment across the studied Ej range (Fig. 3),
suggesting that SUVAys4 played a minor role in Hg mobilization under
our experimental conditions.

Average sulfate concentrations were lower at E ranges —300 to
—100 mV than 0 to +400 mV in the two soils (Fig. 3). This phenomenon
might be due to microbial-mediated reduction of sulfate under reducing
conditions (Burton et al., 2006; Johnston et al., 2014) and the further
oxidation of reduced sulfur to sulfate under oxidizing conditions
(DeLaune and Reddy, 2008). The lower average concentration of sulfate
in the biochar-treated soil (32 mg/L) relative to control (43 mg/L) might
be related to the promotion of microbial sulfate reduction by biochar, as
biochar could deliver electron to bacteria for sulfate reduction (Sande,
2016). A negative linear correlation between the concentration of DTHg
and that of sulfate in the control (r = —0.74, Table S4) suggested that the
elevated sulfate concentration could reduce Hg mobility in the soil. This
is because more sulfides could be produced through the reduction of
sulfate, and it could react with Hg to form poorly soluble nano HgSy
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polyclusters (Manceau et al., 2015; Pham et al., 2014).

Multivariate regression analyses of dissolved total Hg concentration
with biogeochemical factors under different redox conditions showed
that dissolved Fe was significantly correlated with Hg (Table S5). These
results indicate that Fe was important in controlling the dissolved Hg.
This is consistent with our early discussion that reductive dissolution of
Fe(hydr)oxides controlled Hg mobilization. No significant correlations
were observed between MeHg and biogeochemical factors (Table S5),
indicating that these factors were not the dominant factors controlling
the formation of MeHg. This is reasonable since MeHg was determined
by both microbial activities and Hg availability (Liu et al., 2019; Hsu-
Kim et al., 2018).

3.6. Molecular composition of SOM under dynamic Ej conditions

We studied the organic matter composition in the soils using Py-FIMS

to understand how biochar affected soil organic matter compositions
under dynamic Ej, conditions (Fig. 5, Table S6).

The thermograms of total ion intensity (TII) for all samples had a
unimodal shape, that showed smaller proportions of thermally labile
(<400 °C) than stable (>400 °C) organic matter constituents (Figs. S5,
S6). The Py-FIMS mass spectra of all samples were predominated by
marker signals of carbohydrates (CHYDR; m/z 96, 110, 126), phenols
and lignin monomers (PHLM; m/z 196, 208), lignin dimers (LDIM; m/z
372, 386, 396, 408), lipids (LIPID; m/z 230, 244, 298, 312, 368, 396,
408), alkylaromatics (ALKYL; m/z 220), Heterocyclic nitrogen com-
pounds and nitriles (NCOMP; m/z 220), and free fatty acids (FATTY; m/z
368) (Figs. S5, S6). The marker signals in the Py-FI mass spectra were
assigned to 10 compound classes of SOM, and the proportions of these
compound classes are shown in Fig. 5. In the control soil, relative
abundance of most compound classes (CHYDR, PHLM, LDIM, LIPID,
ALKYL, NCOMP, AMID, SUBER) remained relatively constant (relative
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difference < 10 %), while most SOM groups in the biochar-treated soil
(CHYDR, LIPID, ALKYL, NCOMP, AMID, SUBER, FATTY) were variable,
under dynamic redox conditions (Fig. 5, Table S6).

In the biochar-treated soil, the relative abundance of LIPID, ALKYL
and FATTY increased with increasing of Ey (Fig. 5, Table S6), and they
were likely sourced from the byproducts from microbial biomass (e.g.,
alkylic C compounds (Beyer, 1995)), and from the microbial consump-
tion of more easily decomposable compound classes (e.g., CHYDR and
AMID) (Monreal and Schnitzer, 2013). Also, it is possible that LIPID,
ALKYL and FATTY were resistant to microbial degradation under aer-
obic conditions (Wu et al., 2018). The relative abundance of CHYDR,
LDIM, and SUBER as a function of E; showed an opposite trend as
compared to LIPID, ALKYL and FATTY (Fig. 5, Table S6), indicating that
CHYDR, LDIM, and SUBER tended to be consumed by microorganisms
under aerobic conditions. The high abundance of PHLM, NCOMP, and
AMID at E;, 0 mV (Fig. 5, Table S6) is likely because the biochar-induced
microbial activities resulted in complicated SOM reactions during redox
changes, which needs further investigation.

To further understand the varied relative abundance of SOM com-
pounds in both control and biochar-treated soils under dynamic Ep
conditions, principal component analysis (PCA) was performed on the
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Fig. 5. Abundance of organic matter com-
pound groups in both control and biochar-
treated soil collected at different E, win-
dows. The unit is ion intensity (% TII). Note:
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177 mass signals from Py-FIMS spectra with significant differences (P <
0.05) according to Wilks’ lambda (Fig. 6). The first two principal com-
ponents (PCs) accounted for 71.2 % (PC1) and 11.9 % (PC2) of total
variability within the data set (Fig. 6). The plot of PC1 vs PC2 shows a
clear separation between control and biochar-treated soil. Furthermore,
biochar-treated soils at different E;, ranges were separated along both
PCs. Therefore, the studied biochar induced distinct alterations in the
SOM composition under variable redox conditions. It was impossible to
record Py-FI mass spectra of the studied biochar until heating it to 650
°C. This is due to organic matter was thermally stable, as C was present
as stable graphitic structure (Fig. 1-A). Therefore, the contribution of
biochar itself on the SOM compound classes is of minor importance. It
has been well established that biochar could affect microbial metabolic
activities, and change microbial diversity and abundance (Palansooriya
et al., 2019). Giving that microorganism drives organic matter cycle in
the environment, biochar can change the community of soil microor-
ganism, and it is likely that biochar affected organic matter cycle via
microorganisms (Li et al., 2012; Wang et al., 2022; Whitman et al.,
2016). Therefore, we hypothesized that biochar-induced alteration of
microbial community structure and activities contributed to the varia-
tion of SOM compound classes under dynamic redox conditions

Biochar: -300 mV

Biochar: +400 mV

Control:Initial

-05 -04 -03 -02 -01 00

0.1 02 03 04 05 06 07

PC1(71.2 %)

Fig. 6. Principal component (PC) analysis of the 177 m/z from Py-FIMS spectra of four control [Y1-initial, Y2-250 mV, Y3-+300 mV, Y4-0 mV] and four biochar-
treated soil samples [Y5-Initial, Y6-+400 mV, Y7-0 mV, Y8-300 mV], with most significant differences according to Wilks’ lambda. Three replicates of each soil at

different redox windows were used for analysis.
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(Monreal and Schnitzer, 2013; Wu et al., 2018).

3.7. Dynamic of MeHg in the soil under changing redox conditions

The MeHg concentrationin the soil solution changed as a function of
Ep, and followed the order —300 to —200 mV > —100 to +100 mV >
+200 to +400 mV, both in the control and biochar-treated soil (Fig. 3).
The MeHg concentration in the soil solid phase showed a similar vari-
ation with the soil solution as a function of Ej, in the control, while that
remained relatively constant at Ej, of higher than 0 mV in the biochar-
treated soil (Fig. S7). The MeHg concentration decreased with rising
of Ej, (Fig. 3), suggesting that a lower Ej, favored Hg methylation, while a
higher E; promoted MeHg demethylation. MeHg production is a
microbial-mediated biogeochemical process determined by both Hg
availability and microbial activities (Hsu-Kim et al., 2018). In the con-
trol, the concentration of MeHg was positively correlated with the
concentration of DTHg (R2 =0.74, P < 0.05) (Fig. 4), suggesting that the
enhanced Hg availability might account for the increase in MeHg con-
centration (Wang et al., 2021a). In the biochar treatment, the MeHg
concentration was strongly correlated to the ratio of THg to DOC (except
at —200 mV) (Fig. 4), but poorly correlated with THg concentration (R?
= 0.26, P > 0.05).

We excluded MeHg data of —200 mV from the regression analysis for
MeHg vs THg/DOC (Fig. 4). This was because a closer inspection of the
data showed that MeHg concentration was 14 ng/L at E; —200 mV,
which was 2 to 4 times higher than that at E;-300 (7.7 ng/L) and —100
mV (3.4 ng/L) (Fig. 3). There was an enhanced MeHg production at Ey
—200 mV as relative to E;, —100 mV and —300 mV in the biochar-treated
soil. To further follow this statement, we found that DOC concentration
at Ey —300 mV (7.1 mg/L) was sharply increased to 31 mg/L at E;, —200
mV in the biochar-treated soil (Fig. 3). This increase would be a
consequence of decomposition of organic matter via intensive anaerobic
microorganism activities (Dong et al., 2014). Therefore, we predicted
that higher MeHg concentration at E;, —200 mV was due to the enhanced
microbial activities. As a comparison, we did not observe such signifi-
cantly rising of DOC concentration at E, —100 to 0 mV (Fig. 3). There
was a positive correlation between concentrations of MeHg and THg/
DOC in the control soil, but the correlation coefficient was smaller as
compared to MeHg vs THg (R2 = 0.74) (Fig. 4). This means that effect of
DOC on MeHg formation in the control soil was weaker than in the
biochar-treated soil.

The concentration of MeHg was lower in the control than in the
biochar-treated soil at different Ej, ranges (except for Ej, —100 and +200
mV) (Fig. 3 and Fig. S7), suggesting the promotion of Hg methylation by
biochar. Our results supported previous findings that biochar enhanced
the production of MeHg in soils under anaerobic conditions (Shu et al.,
2016; Zhang et al., 2019). The biochar-induced MeHg formation was
mediated by both dissolved Hg and DOC (Fig. 4). High DOC concen-
tration was unfavorable for MeHg formation in the soil with biochar
amendment (Fig. 4), as biochar-induced DOC molecules might be too
large to be methylated by microorganism (Benoit et al., 2001; Liu et al.,
2019b). Pearson correlation analysis showed that the concentrations of
MeHg in the soil were correlated significantly with the TII (total ion
intensity)-proportions of LIPID (r = 0.71), ALKYL (r = 0.69), and SUBER
(r=0.72) (Table S7), which indicates that these SOM compound classes
could have a certain effect on stimulating methylation bacterial pop-
ulations and activities and/or modulate Hg availability. The LIPID,
ALKYL and SUBER might affect MeHg by stimulating Hg-methylating
bacterial populations through providing carbon food sources (Kainz
et al., 2003; Khodadad et al., 2011). For example, it has been reported
that cell wall lipids (e.g., n-alkanes C27-C29 and alkan-2-ones C29-C33)
were available for microorganism (Meyers and Ishiwatari, 1993).
Nevertheless, more studies are needed to reveal the function of LIPID,
ALKYL, and SUBER in stimulating microorganism and their effects on
MeHg formation.
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4. Conclusions

Rice hull biochar (RHB) led to the mobilization and methylation of
Hg in a paddy soil under dynamic redox conditions, while this appears
particularly under strong reducing conditions. We found that the release
of Hg and the formation of MeHg were Ep-dependent. The amendment of
biochar to the soil resulted in a lower E;, which promoted the reductive
dissolution of Fe/Mn(hydr)oxides. The mobilization of Fe/Mn(hydr)
oxides in turn was responsible for the enhanced mobilization of Hg. The
used rice hull biochar seemed to affect MeHg via changing the SOM
composition of soil. Our results demonstrated that one should be aware
the risks caused by rice-hull derived biochar under dynamic Ej condi-
tions (e.g., hydro-fluctuation zone), because the studied biochar may
result in an enhanced releasing and methylation of Hg. Therefore, RHB
is not suitable to mitigate Hg risks under dynamic redox conditions,
especially under fluctuating water regime and dynamic redox condi-
tions. These findings have implications for proper applications of RHB to
mitigate Hg risks from paddy soils and consequently, reducing the risks
of Hg exposure to humans by rice consumption. Future studies should
further elucidate the mechanisms of different biochars on Hg mobili-
zation and methylation aiming to identify suitable candidates to miti-
gate Hg risks from soils under dynamic Ej, conditions.
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