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Abstract 

Frequent heatwave events increase the frequency of soil dry–wet cycles, accelerating soil weathering and indirectly 
triggering mercury (Hg) activation risks. Thiol-modified biochar (TMB) has been widely demonstrated as an effective 
environmental material for immobilizing soil Hg. However, whether TMB can maintain long-term stability under fre-
quent dry–wet conditions, and how it regulates key soil components to influence Hg behavior, remain unknown. In 
this study, 30 cycles of simulated dry–wet alternation confirm that TMB promotes soil mineral weathering to redis-
tribute Hg species, thereby reducing total Hg leaching under acid rain, lowering Hg bioavailability, and decreasing 
net methylmercury accumulation. Specifically: (i) TMB accelerates the dissolution of soil calcium carbonate (CaCO3) 
by 19.1%, reducing the total proportion of exchangeable and carbonate-bound Hg by 89.7%, while increasing soil pH 
by 8.5% and decreasing zeta potential by 1.7-fold, which favors Hg precipitation and electrostatic adsorption by soil 
particles; (ii) TMB facilitates the transformation of Fe/Al oxides (e.g., Fe2O3, Al2O3) into hydroxylated forms with stronger 
binding capacity (e.g., FeO·OH, Al(OH)3), leading to decreased residual-bound Hg and increased oxide-bound Hg; (iii) 
TMB enhances the release of soil organic matter (e.g., mineral-associated), which improves Hg complexation capacity 
and reduces its availability, thereby lowering net methylmercury accumulation. Additionally, TMB increases the rela-
tive abundances of Bacillales, Gemmatimonadales, and other taxa in soil microbial community, and enhances the spe-
cies richness and evenness. This study highlights the critical role of TMB-mediated mineral weathering in promoting 
Hg redistribution, elucidates the intrinsic mechanism underlying long-term Hg immobilization by TMB under heat-
wave-accelerated dry–wet conditions, and provides a theoretical basis for the sustainable engineering application 
of TMB in Hg-contaminated soil remediation.

Highlights 

•	 Heatwave-driven dry–wet cycles raise soil Hg risk; TMB fosters Hg immobilization via mineral weathering
•	 TMB reduces acid rain Hg leaching, lowers Hg bioavailability via CaCO3 dissolution/pH rise, and decreases methyl-

mercury.
•	 TMB facilitates Fe/Al oxide hydroxylation (stronger Hg binding) and organic matter release, aiding Hg-soil reme-

diation.
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Graphical Abstract

1  Introduction
Mercury (Hg), characterized by high toxicity and per-
sistence, is classified as a priority pollutant worldwide 
(Chen et  al. 2019; Cheng et  al. 2025). Owing to its 
mobility and bioavailability, Hg in soil can contaminate 
the food chain, harm human health, and threaten eco-
systems (Huang et  al. 2019a). However, global warm-
ing is an ongoing phenomenon, and extreme events 
(e.g., heatwaves) are occurring with growing frequency 
(Li et  al. 2025; Martinez-Villalobos et  al. 2025). Heat-
waves accelerate soil weathering, i.e., the alteration of 
soil mineralogical and chemical composition through 
processes such as hydration, dissolution, carbonation, 
hydrolysis, and redox reactions (Jackson and Sherman 
1953; Oludare 2017), thereby triggering the risk of soil 
Hg activation.

Under heatwave conditions, soil moisture dynam-
ics may undergo profound alterations due to strong 
moisture-temperature coupling, thereby contribut-
ing to environmental soil weathering (Li et  al. 2025; 
Maraun et al. 2025; Shao et al. 2025; Zhang et al. 2025). 
The release of ions (e.g. ions containing N, P, Ca, and 
Fe) from soil minerals constitutes the initial step, which 
results in changes to exchangeable cations (Jackson and 
Sherman 1953; Oludare 2017). This process can alter 
soil oxidation–reduction potential (ORP) and pH, as 
well as the mobility, speciation distribution, along with 
bioaccessibility of soil heavy metals, and the translo-
cation of phosphorus (Conrad et al. 2020; Dixon et al. 
2016; He et al. 2026; Meite et al. 2018; Park et al. 2023; 

Smeck 1973; Zhang et al. 2024; Zhou et al. 2025). Cal-
cium carbonate (CaCO3), a key soil component, can 
influence metal immobilization via its inherent pH-
modulating effect and spontaneous Hg-adsorbing 
capacity (Breemen et al. 1983; He et al. 2020; Wolthers 
2015). Iron oxides and aluminum oxides are widespread 
forms of Fe and Al in soil, and their forms vary with soil 
moisture (Fitzpatrick and Schwertmann 1982; Liu et al. 
2025). Redox reactions can alter the forms of soil iron, 
while soil pH can affect the forms of aluminum miner-
als (Watanabe et  al. 2006). Soil organic matter (SOM) 
is ubiquitous in soils and can directly affect the release 
and transformation of Hg (Huang et al. 2025; Lindroos 
et  al. 2003; Raulund-Rasmussen et  al. 1998). Acid rain 
can also impact the release of soil Hg (Li et  al. 2024; 
Wang et al. 2024a), and soil phosphorus concentrations 
can be regulated by weathering intensity (Dzombak and 
Sheldon 2020).

In recent years, the potential of thiol-modified biochar 
(TMB) in the immobilization remediation of Hg-contam-
inated soils has received increasing attention (Xing et al. 
2020; Zhao et  al. 2020; Zheng et  al. 2025). In previous 
studies, we confirmed that TMB is an effective strategy 
for remediating mercury-contaminated soil, and revealed 
its synthesis mechanism and in-situ mercury immo-
bilization mechanism (Huang et  al. 2023, 2019b, 2024; 
Wang et al. 2024b). However, under heatwave-mediated 
dry–wet alternating scenarios, two critical aspects for 
the engineering application of TMB remain unknown: 
the long-term stability of its mercury immobilization 
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efficiency, and how it influences the redistribution pro-
cess of mercury species. On the one hand, recent stud-
ies have indicated that the mobility and bioavailability of 
Hg may undergo transformations during dry–wet cycles 
(Sun et al. 2020; Zhang et al. 2022). On the other hand, 
the environmental behaviors of key soil components (e.g., 
soil minerals, SOM, and microbial community struc-
ture) may vary with environmental dry–wet alternations, 
thereby affecting the bound forms of mercury.

This study focused on Hg-contaminated soils that 
had been treated with TMB for 2  years in our previous 
work (Huang et al. 2024), and systematically investigated 
the environmental behaviors of key soil components 
(e.g., mineral weathering, SOM release, and microbial 
community structure  shifts) and the redistribution of 
mercury species mediated by TMB under simulated 
heatwave-accelerated dry–wet cycles. The objective was 
to verify the real-world environmental applicability of 
TMB by assessing the long-term stability of immobilized 
Hg under heatwave-accelerated dry–wet weathering. We 
conducted a systematic investigation addressing mul-
tiple facets of Hg remediation by TMB during dry–wet 
alternations: mobility and bioavailability of soil mercury, 
transformation of mercury species, changes in soil min-
eralogy and SOM, and the potential for mercury release 
under prolonged acid rain exposure. The specific objec-
tives of this study are fivefold: (1) to investigate leaching 
of soil mercury and associated components under simu-
lated heatwave-accelerated dry–wet cycles; (2) to reveal 
the Hg speciation transformation of soil Hg geochemical 
fractions determined by sequential chemical extraction 
during dry–wet alternations; (3) to explore soil mer-
cury release under continuous acid rain leaching; (4) to 
characterize alterations in soil mineral composition and 
microbial characteristics; (5) to elucidate the mechanism 
underlying TMB-mediated soil mineral weathering and 
mercury species redistribution.

2 � Materials and methods
2.1 � Simulation of heatwave‑accelerated dry–wet 

weathering
To simulate soil weathering under heatwave‑accelerated 
dry–wet cycles after soil Hg remediation, we applied 
12 h incubation at 70% water-holding capacity and 12 h 
oven‑drying at 40  °C. This regime mimics natural field 
wet–dry fluctuations, improving the study’s environ-
mental realism. This cycling regimen was repeated 30 
times, with soil samples collected after 0, 5, 15, and 30 
cycles for subsequent analyses. All samples were freeze-
dried, homogenized by grinding, and passed through a 
2-mm mesh prior to characterization. The soils utilized 
in this study were Hg-contaminated soils that were pre-
pared by mixing TMB with soils at 25 ± 2% moisture 

content, followed by a 2-year incubation (Huang et  al. 
2024). The TMB employed herein was carbonized from 
grapefruit peel under anaerobic conditions (Huang et al. 
2023). Detailed information on experimental materi-
als, including chemical reagents, quality assurance (QA) 
and quality control (QC), TMB synthesis protocols, and 
TMB-treated Hg-contaminated soils is provided in the 
Supplementary Material (Texts S1-S3). All treatments 
were conducted in triplicate. Two TMB-amended soils 
were examined, with TMB addition rates of 0.2% and 
0.4%, denoted as 0.2% TMB soil and 0.4% TMB soil, 
respectively. A non-amended soil without TMB addi-
tion served as the control (CK), and was also prepared in 
triplicate.

2.2 � Simulated acid rain and bioavailability leaching tests
Simulated acid rain and bioavailability leaching tests were 
conducted on TMB-amended soils subjected to dry–wet 
cycles. A mixed H2SO4 + HNO3 solution extraction (mass 
ratio 2:1, adjusted to pH 3.20 ± 0.05 with deionized water) 
was used to evaluate mercury mobility under simulated 
acid rain conditions (HJ/T 299–2007, China). Detailed 
information regarding H2SO4 and HNO3 is provided in 
Text S1. In contrast, a 0.01  mol L−1 CaCl2 solution was 
used to extract bioavailable mercury from soil (Huang 
et al. 2024). For leaching tests, 1.0 g of soil (dry weight) 
was mixed with 10 mL of extraction solution in a sealed 
polyethylene centrifuge tube. The mixture was shaken 
at 40 rpm for 18 ± 2 h or 24 h (25 ± 2 °C). After shaking, 
the suspension was centrifuged at 4000 rpm for 10 min. 
The supernatant was then collected, filtered through a 
0.45 μm PTFE membrane, and analyzed. The supernatant 
was analyzed for total mercury (Hg), total iron (Fe), total 
phosphorus (P), total aluminum (Al), total potassium (K), 
total nitrogen (N), and dissolved organic carbon (DOC).

2.3 � Continuous leaching tests with simulated acid rain
Soil samples collected after 0 and 30 cycles were sub-
jected to a column leaching experiment. The column 
system employed in this study primarily consisted of five 
components: an injection pump (PHD/ULTRA, Harvard 
Apparatus, USA), a column (006EZ-10-25-FF, Omnifit, 
UK), a syringe, an automatic sample collector, and con-
necting tubes. The column (total height = 22  cm) com-
prised four layers arranged from top to bottom: quartz 
sand (8.7 g, height = 7.7 cm), the soil mixture (2.0 g soil 
blended with 4.0 g quartz sand, height = 4.5 cm), quartz 
sand (10.7  g, height = 9.5  cm), and glass wool (0.2  g, 
height = 0.3 cm) (Figure S1). The total pore volume (PV) 
of the column (defined as the volume excluding that 
occupied by soil, quartz sand, and glass wool) was deter-
mined to be 6.48  mL. Simulated acid rain was a mixed 
H2SO4 + HNO3 solution (mass ratio 2:1, adjusted to pH 
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5.60 ± 0.05 with deionized water). The pH of 5.60 ± 0.05 
was selected to represent the average rainfall pH in the 
soil sampling area over the past decade, thereby authenti-
cally reflecting actual field acid rain conditions for inves-
tigating the long-term stability of Hg immobilization. The 
volume of simulated acid rain applied was equivalent to 
the total rainfall over a 10-year period, corresponding to 
5750 mm. The simulated acid rain was injected into the 
column at a constant flow rate of 0.1092 mL min−1, which 
corresponds to a pore velocity of 0.139 cm min−1. Efflu-
ent samples were collected at an interval of 59.34  min, 
followed by filtration and subsequent analysis. Key 
parameters analyzed in the effluent included the dynamic 
concentrations of total Hg, total Al, and DOC, as well as 
the effluent pH. In this experiment, the effluent masses 
of Hg/Al/DOC from the remediated soil packed into the 
fixed-bed column were adopted, and detailed calcula-
tions of these values are provided in Text S4.

2.4 � Mercury species analysis
To assess the dynamic changes in mercury (Hg) species, 
five Hg fractions in soil were extracted via the sequential 
extraction method developed by Tessier et  al. (Tessier 
et al. 1979) (Text S5). These five fractions are defined as 
follows: exchangeable (EX), carbonate-bound (CB), Fe–
Mn oxides-bound (OX), organic matter-bound (OM), 
and residual (RS). The bioavailability of these Hg fractions 
follows the order: EX > CB > OX > OM > RS. Specifically, 
the EX and CB fractions exhibit the highest bioavailabil-
ity and thus pose a greater risk of inducing secondary soil 
pollution. In contrast, the OX and OM fractions are clas-
sified as potentially bioavailable and are prone to leaching 
under favorable environmental conditions. The RS frac-
tion is the most stable, as Hg within this fraction is tightly 
retained in the crystal lattice of soil minerals. The Risk 
Assessment Code (RAC) is widely employed to evalu-
ate the ecological risk of Hg in soil (Huang et al. 2019a, 
2024). Notably, RAC analysis relies on the fractional 
results obtained from the Tessier sequential extraction 
method. Comprehensive details regarding the RAC cal-
culation and evaluation criteria are presented in Text S6.

2.5 � Total mercury and methylmercury analysis
The total mercury (Hg) in soil samples was extracted, fol-
lowed by filtration of the extract. The Hg concentration in 
the resulting filtrate was determined using an atomic flu-
orescence spectrometer (AFS) (BAF-4000, Baode, China) 
(HJ 694–2014). For the analysis of total methylmercury 
(MeHg) in soil, the CuSO4-HNO3-CH2Cl2 extraction 
method was employed. After extraction and subsequent 
filtration, the MeHg concentration in the filtrate was 
measured via Gas Chromatography-Cold Vapor Atomic 

Fluorescence Spectrometry (GC-CVAFS) (Brooks Rand 
model III, Seattle, USA) (Huang et al. 2024).

2.6 � Soil properties, mineralogical composition, 
and microbial characteristics

Soil samples collected after 0 and 30 cycles were freeze-
dried prior to further analysis and characterization. 
The concentrations of total iron (Fe), total aluminum 
(Al), total potassium (K), and total phosphorus (P) in 
the samples were determined using an inductively cou-
pled plasma optical emission spectrometer (ICP-OES) 
(PlasmaQuantPQ 9000, Analytik Jena, Germany) (HJ 
776-2015). Dissolved organic carbon (DOC) and total 
nitrogen (N) contents were measured with a total organic 
carbon (TOC) analyzer (TOC-LCPH, Shimadzu, Japan). 
Soil pH was determined using a pH meter (FE28-Stand-
ard, Mettler Toledo, Switzerland). The soil zeta potential 
was analyzed via a nanoparticle zeta potential and size 
analyzer (Nanotrac wave II, Microtrac, USA). Addition-
ally, the soil mineral composition was characterized by 
X-ray powder diffraction (XRD) (D8-AXS, Bruker, Ger-
many). To analyze the changes in microbial commu-
nity structure, total soil DNA was extracted using the 
PowerSoil® DNA Isolation Kit (MO BIO Laboratories, 
Inc., Carlsbad, CA, USA) following the manufacturer’s 
instructions.  The V3-V4 hypervariable region of bac-
terial 16S rRNA was amplified using 3338F and 806R 
primers, followed by high-throughput sequencing on the 
Illumina MiSeq platform. In the true terminal restric-
tion fragments, the relative abundance was calculated 
as the ratio of the respective peak areas under a given 
T-RFLP pattern to evaluate bacterial community com-
positions.  Alpha-diversity (α-diversity: Chao1, Simpson, 
Shannon and Goods_coverage indices) and beta-diversity 
(β-diversity) analyses were subsequently conducted.

3 � Results and discussion
3.1 � Mercury and multi‑elements leaching behavior 

under dry–wet alternations
The leaching behavior of mercury and associated com-
ponents in soil under simulated heatwave-accelerated 
dry–wet cycles was investigated, with a specific focus 
on analyzing the mobility and bioavailability of soil Hg. 
The mobility of soil Hg was evaluated using a mixed 
H2SO4 + HNO3 extractant. Over the 0–30 dry–wet 
cycles, leachable total Hg concentrations decreased by 
82.3% (from 0.096 mg kg−1 to 0.017 mg kg−1) in 0.4% TMB 
soil and by 53.5% (from 1.865 mg kg−1 to 0.868 mg kg−1) 
in 0.2% TMB soil, but only by 7.1% (from 23.663 mg kg−1 
to 20.993 mg kg−1) in the CK (Fig. 1a). These results indi-
cate that TMB can promote the immobilization of soil 
Hg under dry–wet alternation. The possible reasons are 
as follows. First, the elevated soil alkalinity induced by 
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TMB and dry–wet weathering promotes the formation of 
Hg(OH)2 and insoluble Fe‑bearing phases (e.g., Fe(OH)3) 
(Fig. 3h), thereby enhancing Hg adsorption onto soil par-
ticles through co‑precipitation (Breemen et  al. 1983). 
Second, compared with the CK, the zeta potential of the 
0.4% TMB soil decreased by 1.7-fold (from − 8.33  mV 
to −22.78 mV) (Fig. S2a). The increased soil electronega-
tivity further enhanced Hg immobilization via stronger 
electrostatic interactions. Third, with ongoing soil weath-
ering, increasing concentrations of Ca2+ and CO2−

3
 are 

released, thereby promoting CaCO3 dissolution (Fig. S2b) 
(Wolthers 2015). Specifically, the content of soluble Ca 
in 0.4% soil after 15 dry–wet cycles increased by 19.1% 
(from 311.38 mg kg−1 to 370.99 mg kg−1) compared with 
the CK. This process increases the concentration of free 
Ca2+ in soil (ions with strong ion-exchange capacity for 
Hg) (Fig. S2b) and further elevates soil pH (Fig.  3h). It 
can be observed that the soil pH in 0.4% TMB soil after 
30 dry–wet cycles increased by 8.5% (from 7.52 to 8.16) 
compared with the CK. All these changes in soil proper-
ties facilitate Hg immobilization. In addition, CaCO3 dis-
solution can induce the remobilization of substantial Hg 
originally sequestered in insoluble mineral phases. Given 
the strong Hg‑binding affinity of both TMB and soil 
organic matter (SOM) (Wang et al. 2024b), the released 

Hg is rapidly immobilized by the abundant TMB and 
weathering‑derived SOM (Liu et al. 2022). This sequen-
tial process facilitates the transformation of Hg from 
carbonate-bound (CB) fractions to organic matter-bound 
(OM) fractions, thereby also enhancing Hg stabilization.

As for leachable total Fe, concentrations decreased 
by 91.8% (from 1.46  mg  kg−1 to 0.12  mg  kg−1) in 0.4% 
TMB soil during dry‑wet cycles, but increased mark-
edly from 3.63  mg  kg−1 to 44.5  mg  kg−1 in 0.2% TMB 
soil and from 4.22  mg  kg−1 to 50.0  mg  kg−1 in the 
CK (Fig.  1b). The underlying mechanisms can be 
explained as follows: During soil dry–wet weather-
ing, elevated levels of dissolved Fe and dissolved P (e.g., 
phosphate ions, PO3−

4
 ) are released. Both Hg ions and 

Fe ions can form precipitates with PO3−

4
 , with solu-

bility constants of Ksp(Hg3(PO4)2) = 1.0 × 10−52 and 
Ksp(FePO4) = 1.3 × 10−22). In 0.4% TMB soil, Hg is pre-
dominantly bound to TMB, leaving sufficient PO3−

4
 

to precipitate with dissolved Fe, thus resulting in low 
leachable total Fe and P (Figs. 1b and S3a). In 0.2% TMB 
soil, part of the Hg is sequestered by TMB, while the 
remainder competes for PO3−

4
 . This reduces the amount 

of PO3−

4
 available for Fe precipitation, leading to higher 

and gradually increasing leachable Fe. In CK, most Hg 

Fig. 1  H2SO4 + HNO3 leachable (a) total Hg, (b) total Fe, (c) DOC, (d) total Al, (e) total K, and (f) total N during 0–30 dry–wet cycles. TMB: abbreviation 
for thiol-modified biochar used in this study. The identical caption applies to all subsequent figures
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Fig. 2  CaCl2 leachable (a) total Hg, (b) total Fe, (c) DOC, (d) total Al, (e) total K, and (f) total N during 0–30 dry–wet cycles

Fig. 3  Mercury speciation dynamics over 0–30 dry–wet cycles: (a) exchangeable (EX), (b) carbonate-bound (CB), (c) Fe–Mn oxides-bound (OX), (d) 
organic material-bound (OM), (e) residual (RS), (f) RAC, (g) total methylmercury (MeHg); (h) soil pH over 0–30 dry–wet cycles
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binds preferentially with PO3−

4
 , leaving almost no PO3−

4
 

available to precipitate Fe. As a result, leachable total Fe 
increase sharply and reach significantly higher levels. The 
dynamics of leachable DOC (representing released SOM) 
during dry–wet cycles generally match those of leachable 
total Hg (Fig.  1c). This correspondence can be ascribed 
to the strong affinity of Hg for complexation with organic 
ligands. With increasing dry–wet cycles, both leach-
able total Al and leachable total K increased significantly 
(Fig. 1d, e). This can be attributed to enhanced soil min-
eral weathering under repeated dry–wet cycles, which 
transforms initially insoluble minerals into soluble spe-
cies, thereby promoting the release of Al and K. Further-
more, TMB inhibited the release of leachable Al and K 
ions, which may be attributed to the cation adsorption 
capacity of TMB itself. As far as total leachable N is con-
cerned, TMB significantly enhanced N immobilization 
(Fig. 1f ). This could be attributed to TMB-stimulated soil 
microbial activity, which further promotes microbial N 
immobilization (Lehmann et al. 2011).

The bioavailability of soil Hg was determined using 
CaCl2 solution as extractant. Under simulated dry–wet 
cycling, TMB facilitated the reduction of bioavailable 
Hg in soil, a trend consistent with that of leachable Hg 
(Figs.  1a and 2a). This mechanism is consistent with 
that discussed above. Compared with concentrations 
extracted by the mixed H2SO4 + HNO3 solution, those 
of labile total Fe and labile total P extracted by CaCl2 
solution were significantly lower (Figs.  2b and S3b). 
For example, Fe existed mainly in amorphous FeO·OH 
phases, largely because the CaCl2 extractant lacks strong 
dissolving capacity, unlike strong acids. The variation 
patterns of bioavailable DOC, total Al, total K, and total 
N were consistent with those obtained using the mixed 
H2SO4 + HNO3 solution as extractant (Fig. 2c–f).

In summary, under the mediation of TMB, the mobility 
and bioavailability of Hg in soil showed strong resistance 
to dry–wet cycles, confirming the long-term stability 
of Hg immobilization in soil under repeated dry–wet 
alternations.

3.2 � Mercury speciation dynamics under dry–wet 
alternations

Dynamic variations in mercury fractions were character-
ized using a sequential extraction procedure. Figure 3a–e 
illustrates the Hg speciation in soil across 0–30 dry–wet 
cycles. Relative to the CK and 0.2% TMB treatments, 
both the EX and the CB fractions in the 0.4% TMB soil 
remained at low levels (Fig. 3a, b), and the total propor-
tion of exchangeable and carbonate-bound Hg in 0.4% 
TMB soil at 30 dry–wet cycles was reduced by 89.7% 
(from 0.35% to 0.04%) compared with CK (Fig. 3f ). This 

can be mainly attributed to TMB-mediated weathering 
and decomposition of CaCO3 and subsequent Hg release, 
as well as the resulting ion exchange (between Hg2+ and 
abundant Ca2+) and organic complexation of Hg. This 
indicates that TMB effectively reduced the bioavailabil-
ity of Hg. In addition, in soil treated with 0.4% TMB over 
0–30 dry–wet cycles, the decrease in the EX‑Hg fraction 
may be attributed to ion exchange between Hg2+ and 
abundant Ca2+, whereas the slight increase in the CB‑Hg 
fraction can be ascribed to the CaCO3 dissolution during 
dry–wet weathering (He et al. 2020). With respect to the 
OX fraction in 0.4% TMB soil, its content remained at a 
low level compared with the CK. This may be attributed 
to the enhanced weathering of Fe–Mn oxides caused by 
TMB during soil weathering. Furthermore, the OX frac-
tion increased from 0 to 30 dry–wet cycles, which is con-
sistent with the reduction in bioavailable Fe (Figs. 2b and 
3c). This observation can be ascribed to the enhanced 
formation of Fe‑Hg oxide complexes during the dry–wet 
cycling process (Qiao et al. 2023).

In 0.4% TMB soil, the OM fraction remained at a 
higher level than that of CK over 0–30 dry–wet cycles 
(Fig. 3d), which was consistent with the concentration of 
leachable DOC (released SOM) with strong Hg‑binding 
capacity (Fig. 1c). This observation can be ascribed to the 
immobilization of Hg released from recalcitrant insolu-
ble minerals (e.g., RS fraction) by TMB or dissolved SOM 
via complexation during soil weathering, thereby lead-
ing to an increase in the OM fraction and a correspond-
ing decrease in the RS fraction. Compared with the CK, 
the RS fraction in 0.4% TMB soil at 30 cycles decreased 
by 35.3% (from 42.24 mg kg−1 to 27.33 mg kg−1). Under 
TMB mediation, Hg speciation shifted from the RS to the 
OM fraction, and OM-bound Hg remained consistently 
higher than RS-bound Hg across 0–30 dry–wet cycles. 
Overall, the OM and RS fractions were quantitatively 
dominant, which effectively enhances the long-term sta-
bility of Hg immobilization (Fig. 3d, e). Moreover, results 
from the RAC assessment demonstrated that all soils 
posed negligible environmental risk (RAC < 1%) across 
the entire dry–wet cycling period, and TMB further 
contributed to mitigating the associated environmen-
tal risks (Fig. 3f ). Furthermore, the influence of TMB on 
the total MeHg content during dry–wet cycles was also 
investigated. For 0.4% TMB soil, total MeHg remained 
at a significantly low level compared with the CK (from 
14.03  μg  kg−1 to 8.26  μg  kg−1), and decreased from 
2.72 μg kg−1 to 1.64 μg kg−1 over the dry–wet cycles. This 
supports the conclusion that TMB effectively decreased 
the total methylmercury (MeHg) concentration and 
effectively inhibited the net formation of MeHg under 
dry–wet cycles (Fig. 3g).
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Thus, during dry–wet cycles, TMB can drive the redis-
tribution of Hg species in soil, transforming Hg from 
highly bioavailable species (EX, CB) to less bioavailable 
species (OX and OM), thereby favoring the mitigation of 
ecological and environmental risks.

3.3 � Mercury release during continuous simulated acid rain 
leaching

The effluent concentrations of total Hg and its associ-
ated components (DOC and total Al), together with 
effluent pH, were determined using soil column experi-
ments under simulated continuous acid rain leaching 

Fig. 4  Continuous simulated acid rain leaching tests. The effluent concentration of (a, e) total Hg, (c, f) DOC and (i, m) total Al after 0 and 30 dry–
wet cycles. The effluent mass of (b, f) total Hg, (d, h) DOC and (j, n) total Al after 0 and 30 dry–wet cycles; (k, o) the effluent pH and (l, p) the effluent 
∆pH after 0 and 30 dry–wet cycles. Effluent total Hg (μg L− 1): the instantaneous concentration of Hg in the leachate at each sampling point; 
the same applies to Al, DOC, and pH. Effluent total Hg (μg): the cumulative mass of total Hg leached from the soil column; the same applies to Al 
and DOC. ΔpH: the cumulative change in pH between consecutive leachate samples
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conditions (Fig.  4). At both 0 and 30 dry–wet cycles, 
the effluent concentrations of total Hg presented a sig-
nificant decrease (Fig. 4a, e). In particular, relative to the 
CK, almost no effluent Hg was detected in 0.4% TMB soil 
after 27 pore volumes. The total effluent Hg was reduced 
by 92.9% at 0 cycles (from 0.366  μg to 0.026  μg) and 
87.4% at 30 cycles (from 0.454  μg to 0.057  μg) (Fig.  4b, 
f ), demonstrating that TMB remained effective in pro-
moting Hg immobilization even under acid rain leach-
ing conditions. This was partly ascribed to the strong 
Hg-complexation capacity of TMB and partly to the 
Hg immobilization ability of DOC, as evidenced by the 
reduced total effluent DOC (Fig.  4c, d, g, h). The efflu-
ent concentrations of DOC exhibited a variation trend 
identical to that of Hg (Fig.  4c, g). Compared with the 
CK, the total effluent DOC in 0.4% TMB soil decreased 
by 52.6% (from 3.12  mg to 1.48  mg) at 0 cycles and by 
61.7% (from 2.98 mg to 1.14 mg) at 30 cycles (Fig. 4d, h). 
This finding further confirms that SOM acts as one of the 
key contributors to maintaining the long‑term stability 
of soil Hg immobilization. Variations in effluent pH dur-
ing 0–30 dry–wet cycles are shown in Fig. 4k–l, o–p. At 
0 cycles, effluent pH decreased markedly, which could 

be attributed to elevated total Al in the effluent, together 
with the hydrolysis of Al and Fe species (Fig. 4i, j, m, n). 
Specifically, the total effluent Al and Fe likely originated 
from the dissolution of Al(OH)3 and FePO4, respectively. 
At 30 cycles, effluent pH in 0.4% TMB soil was compar-
atively higher; this observation can be ascribed to the 
inherent alkalinity of TMB and the increased soil alkalin-
ity during dry–wet cycles (Fig. 3h).

3.4 � Soil mineral transformations
The mineral compositions of the three soil types at 0 cycle 
and 30 cycles are shown in Fig. 5. The main compounds 
in CK and in remediated soil comprised SiO2 (PDF#38-
0360), CaCO3 (PDF#17-0763), Ca(Mn,Fe)Si2O6 (PDF#33-
0292), Fe2O3 (PDF#10-1139), Fe2O3·H2O (PDF#13-0092), 
FeO·OH (PDF#44-1415), (Mg, Fe)2SiO4 (PDF#31-
0795), Al2O3 (PDF#04-0878), AlO·OH (PDF#48-0890), 
Al(OH)3 (PDF#38-0376), CH5N3O3S (PDF#37-0510), 
FePO4 (PDF#31-0647), Hg3(PO4)2 (PDF#36-1460), HgS 
(PDF#19-0798), and HgO (PDF#37-1469).

The soil samples employed in this study were abun-
dant in CaCO3, as confirmed by its characteristic XRD 

Fig. 5  Mineral composition as affected by TMB after (a, c, e) 0 cycle and (b, d, f) 30 dry–wet cycles
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diffraction peaks at 2θ = 21.0°, 29.5°, 39.5°, and 50.4°. At 
both 0 and 30 dry–wet cycles, the CaCO3 diffraction 
intensities in 0.4% TMB soil were significantly weaker 
than those in CK (Fig. 5a, b, e, f ). This indicates that TMB 
enhanced the reduction of soil CaCO3 content during 
dry–wet cycles, which is attributable to the dissolution of 
CaCO3 during soil weathering and the consequent acid-
neutralization reactions (Breemen et  al. 1983; He et  al. 
2020).

From 0 to 30 dry–wet cycles, compared with CK, 
the diffraction intensities of stable iron species (e.g., 
Fe2O3, (Mg, Fe)2SiO4) in 0.4% TMB soil weakened, 
whereas those of unstable iron species (e.g., FeO·OH, 
Fe2O3·H2O) strengthened. This phenomenon arose 
from TMB-induced phase transformation of Fe spe-
cies during soil dry–wet weathering (Jackson and Sher-
man 1953; Sánchez-Marañón et  al. 2023; Watanabe 
et  al. 2006). These changes in Fe species facilitated Hg 
immobilization, given the strong Hg adsorption capac-
ity of unstable Fe species. Furthermore, unstable Fe spe-
cies tend to undergo hydrolysis, a process that in turn 
elevates soil pH. During dry–wet cycling, compared with 
CK, the diffraction intensities of stable aluminum spe-
cies (e.g., Al2O3, AlO·OH) in 0.4% TMB soil also weak-
ened, whereas those of unstable aluminum species (e.g., 
Al(OH)3) also strengthened. This could also elevate 
soil pH, as the hydrolysis of Al species releases OH− 
(Fitzpatrick  and  Schwertmann 1982; Sánchez-Marañón 
et al. 2023; Watanabe et al. 2006). Therefore, this TMB-
mediated hydroxylation of Fe/Al oxide facilitated the 
transformation of Hg species from residual-bound Hg 
to oxide-bound Hg. At both 0 and 30 dry–wet cycles, 
compared to CK, the 0.4% TMB soil exhibited enhanced 
diffraction intensities of FePO4 and HgS, accompanied 
by weakened intensities for Hg3(PO4)2 (Fig.  5e, f ). This 
occurred because, under sufficient TMB conditions, Hg 
preferentially interacted with TMB to form stable com-
plexes, leaving PO3−

4
 available only to bind with Fe.

3.5 � Changes in microbial community structure 
and diversity

The soil microbial community structure and species 
diversity are presented in Fig.  6. These results demon-
strate that TMB effectively reshaped the soil microbial 
community composition and improved species rich-
ness and evenness. Specifically, the relative abundance 
of dominant bacterial orders is shown in Fig.  6a. This 
plot reveals significant shifts in community composi-
tion mediated by TMB, characterized by the enrich-
ment of Bacillales, Gemmatimonadales, Rhizobiales, 
Thermomicrobiales, and Frankiales, whereas the relative 
abundances of Corynebacteriales, Propionibacteriales, 
Sphingomonadales, and Micrococcales was reduced. 

No pronounced dose-dependent differences were 
observed between the 0.2% and 0.4% TMB soils (Huang 
et al. 2025). Hierarchical clustering analysis at the genus 
level revealed distinct microbial community structures 
between the treated groups and the CK (Fig.  6b). The 
CK formed a separate cluster, characterized by a highly 
skewed community dominated by Rhodococcus. In con-
trast, TMB-amended soils clustered closely together, 
indicating similar community profiles, and exhibited a 
significant reduction in the relative abundances of Rho-
dococcus and a marked enrichment of multiple taxa, 
including Bacillus, Gemmatiomonas, Microvirga, and 
Blastococcus. This shift led to a more evenly structured 
microbial community with elevated species richness 
and evenness, indicating enhanced β-diversity. Negligi-
ble differences in community structure were observed 
between TMB-amended soils. The α-diversity indices 
calculated based on amplicon sequence variants (ASVs) 
revealed that TMB mediated substantial shifts in soil 
microbial communities (Fig. 6c). Compared to CK, 0.4% 
TMB increased the Chao1 index, indicating enhanced 
microbial richness. Both 0.2% and 0.4% TMB elevated 
the Simpson and Shannon indices, reflecting improved 
community evenness and overall diversity  (Fig.  6d–e). 
Notably, the Goods_coverage index decreased slightly in 
treated groups but remained close to 1.0, confirming the 
reliability of the sequencing data (Fig. 6f ).

3.6 � Proposed mechanisms
TMB sustains the long-term stability of soil Hg immobi-
lization by promoting mineral weathering and Hg species 
redistribution. Firstly, during dry–wet alternations, TMB 
facilitates soil mineral weathering and recrystallization 
(Fig. 7), manifested by CaCO3 dissolution, the formation 
of Fe/Al hydroxides (e.g., FeO·OH, Fe2O3·H2O, Al(OH)3), 
increased SOM release, and enhanced Hg complexa-
tion with soil particles or TMB. Together with favorable 
TMB-induced changes in soil physicochemical proper-
ties (e.g., increased soil pH, reduced zeta potential), these 
processes collectively strengthen the long-term stability 
of Hg immobilization. Secondly, TMB-mediated trans-
formation of Hg species during dry–wet cycles reduces 
Hg bioavailability and environmental risk, with Hg pre-
dominantly redistributed into less available fractions (OX 
and OM). Specifically, TMB facilitates the transforma-
tion of Hg from highly available fractions (e.g., EX, CB) 
to less available forms (e.g., OX and OM), while simul-
taneously promoting mercury demethylation  (Fig.  3). 
Thirdly, TMB modulates the soil microbial community 
structure, which is closely consistent with the changes 
observed in soil microbial community composition and 
α-diversity (Fig.  6). Specifically, TMB significantly alters 
the taxonomic composition of soil microorganisms and 
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enhances α-diversity by increasing species richness and 
evenness  (Fig.  6). These TMB-induced shifts in the soil 
microbiome may establish a synergistic “functional mate-
rial–microorganism” system, which could collectively 
promote the redistribution of Hg species and further 
contribute to sustaining the long-term stability of Hg 
immobilization in soil.

4 � Conclusions
Through simulating 30 cycles of heatwave-mediated 
dry–wet alternation, this study systematically revealed 
the environmental behavior of TMB in promoting 
mercury species redistribution by mediating soil min-
eral weathering and SOM release. Specifically, TMB 
promotes soil mineral weathering, which manifests 
in multiple interconnected soil property changes: the 
dissolution of CaCO3, the in-situ formation of Fe/
Al hydroxylated forms (e.g., FeO·OH, Fe2O3·H2O, and 

Al(OH)3), a significant increase in soil pH, a reduc-
tion in soil zeta potential, and the enhanced release 
of SOM. Collectively, these TMB-induced soil modi-
fications create a favorable geochemical environment 
for Hg immobilization. Firstly, mineral weathering 
releases residual-bound Hg, but the newly formed Fe/
Al hydroxides serve as key adsorption sites, facilitating 
Hg binding to form Fe–Mn oxide-bound Hg. Secondly, 
both TMB itself and the released SOM function as com-
plexing agents, reacting with Hg to generate organic 
matter-bound Hg. Moreover, TMB modulates the soil 
microbial community structure, and significantly alters 
the taxonomic composition of soil microorganisms and 
enhances α-diversity by increasing species richness and 
evenness. These TMB-induced shifts in the soil micro-
biome may establish a synergistic “functional material–
microorganism” system, which could synergistically 
reinforce the long-term stability of Hg immobilization. 

Fig. 6  a Microbial community structure at the order level; b Hierarchical clustering analysis of β-diversity based on genus-level profiles; c–f 
α-diversity indices based on amplicon sequence variants (ASVs) after 30 dry–wet cycles. The p-values are the results of the Kruskal-Wallis test 
for the three groups (c-f )
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Together, these two processes drive a critical transfor-
mation of Hg species: bioavailable Hg fractions (EX 
and CB) are converted into stable fractions (OX and 
OM). This species transformation directly ensures the 
sustained long-term stability of Hg immobilization in 
TMB-remediated soil, even under the disturbance of 
dry–wet alternation. In summary, this study clarifies 
that TMB promotes soil mineral weathering and Hg 
species redistribution in soil under dry–wet alterna-
tion. The results provide a robust scientific basis for 
TMB large-scale engineering application with sustaina-
bility in Hg-contaminated soil remediation, particularly 
in regions prone to frequent heatwaves and the associ-
ated accelerated dry–wet cycles.
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