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ORIGINAL RESEARCH

Contrasting effects of three aging processes 
on arsenic immobilization in red versus black 
soils amended by cerium‑manganese modified 
biochar: the unique role of freeze–thaw 
cycling in governing arsenic fate at micro/nano 
interfaces
Peng Lyu1,2, Xiaoya Huang1,2, Lianfang Li2*    and Yan Jiao1 

Abstract 

The aging mechanisms of modified biochar for arsenic (As) immobilization at micro/nano-interfacial scales in diverse 
soils remain poorly understood. Herein, we employed three aging treatments, including natural aging (NA), freeze–
thaw cycles (FT), and dry–wet alternation (DW), to simulate the aging behavior of cerium-manganese modified 
biochar (CMBC) in two As-contaminated field soils. Results indicated that CMBC amendment significantly reduced soil 
pH by 7.5–16.7%, while simultaneously increasing dissolved organic carbon contents by 10–45%, available phospho-
rus levels by 11–43%, and the activities of four soil enzymes by 30–320% in comparison to unamended soils. These 
improvements proved to be most effective under FT-aging, followed by DW-aging and NA-aging. FT-aging also led 
to the most pronounced reduction in water-soluble As concentrations ranging from 94 to 99%, as well as a decrease 
in As mobilization coefficients of 38% to 59% in CMBC-amended soils when compared to DW-aging and NA-aging. 
The superior As immobilization under FT-aging can be attributed to adhesion mediated by Ce–Si crystal nano-bridge 
between soil microparticles and CMBC matrix, whereas such adhesion was not observed in NA/DW-aged samples. 
This unique interfacial configuration promoted Ca/Fe-oxide intercalation and amorphous Ce-oxides formation 
within CMBC, which facilitated the development of As–Fe/Ce crystalline phases. Meanwhile, the synergistic enrich-
ment of metallic and oxygen-containing groups on FT-aged CMBC surface induced the formation of stable As–Ce/
Fe–O species and triggered dual redox transformations: (1) Ce/Mn reduction drove bulk As(III) oxidation to As(V), 
and (2) Fe(0) oxidation mediated partial reduction of As(V)/As(III) to inert As(0). Notably, CMBC-amended red soil 
exhibited preferential As immobilization during aging due to the tighter adhesion between nano-CMBC and soil 
colloids. This enhanced adhesion strengthened the bonding of Ce/Fe-oxides with As and intensified the oxida-
tion of As(III) to As(V) through increased Ce/Mn reduction. This study provides innovative microscale mechanistic 
insights into the aging behavior of modified biochar for remediating diverse soils contaminated with potentially toxic 
elements.
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1  Introduction
Biochar, a carbon-rich porous substance produced 
through biomass pyrolysis or hydrothermal carboniza-
tion, possesses eco-friendly physicochemical proper-
ties, such as a large specific surface area (SSA), excellent 
biocompatibility, and abundant O-containing functional 
groups (Cowie 2023). These attributes make it widely 
applicable in soil remediation, carbon sequestration, 
and wastewater purification (Saraugi et  al. 2025). In 

particular, biochar-based materials have garnered sig-
nificant attention for immobilizing potentially toxic ele-
ments (PTEs) in contaminated soil. They can drive the 
phase transformation of soil mineral-PTE complexes, 
act as electron shuttles to facilitate redox reactions, and 
enhance the soil cation exchange capacity, thereby pro-
moting exchange of PTEs with non-toxic ions (Sun 
et  al. 2022; Wei et  al. 2024). However, pristine biochar 
lacks essential metal-functional groups and possesses a 
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negatively charged surface, which limits its capacity for 
anionic PTE immobilization due to weak bonding inter-
actions and electrostatic repulsion (Gong et  al. 2022). 
This limitation is particularly evident with arsenic (As), a 
priority toxic contaminant associated with cancer, organ 
dysfunction, and hypertension upon long-term exposure 
(Cao et  al. 2025; Wang and Liu 2024). To address these 
challenges, various surface-tailoring methodologies 
have been developed to enhance biochar adsorption and 
immobilization capacity for As, including modifications 
with metal-(oxyhydr)oxides, nonmetallic functionaliza-
tion, and microorganism colonization (Lyu et  al. 2024b; 
Ravindiran et  al. 2024). Variable-valent metals like iron 
(Fe), manganese (Mn), and cerium (Ce) are preferred 
candidates for biochar modification, because of their 
abilities to participate in immobilization reactions with 
As through mechanisms such as redox, coordination, 
and precipitation (Ravindiran et al. 2024). In our previous 
study, Ce-Mn-modified biochar (CMBC) exhibited excel-
lent As adsorption performance, which was attributed to 
the complexation of As with Ce-Mn metal bonds and co-
precipitation involving Mn-oxide lattice defects (Liang 
et  al. 2020). Nevertheless, it remains unclear whether 
CMBC can effectively immobilize As in diverse contami-
nated soils and how its aging behavior influences the fate 
and transformation of As in these environments.

Biochar undergoes natural physical, chemical, and 
microbiologically decay processes, collectively referred 
to as “aging”, following its application to soil through 
interactions with soil components, sunlight, and micro-
organisms (Wang et al. 2020). These aging behaviors alter 
the physicochemical characteristics of biochar, such as 
SSA, microporous structure, and elemental composition 
(Yang et al. 2023). Such alterations may either enhance or 
impair the adsorption and immobilization performance 
of biochar for PTEs. Among various aging treatments, 
freeze–thaw and dry–wet cycles have received particular 
attention due to their prevalence in natural soil environ-
ments and significant impacts on the physicochemical 
properties of biochar. For example, dry–wet cycling has 
been shown to increase cadmium (Cd) mobilization in 
soil amended by KMnO4-modified biochar compared 
to other aging treatments, primarily due to the massive 
loss of O-containing functional groups and pore clog-
ging (Meng et  al. 2022). Conversely, combined freeze–
thaw and dry–wet aging enhanced Cd-π complexation 
and Cd precipitation in soil amended with MgO-modi-
fied biochar (Yang et  al. 2024a). Regarding As, dry–wet 
aging reduced its bioavailability in soil amended with 
zero-valent iron (ZVI)-modified biochar due to ZVI dis-
solution, whereas freeze–thaw aging promoted As immo-
bilization via the crystallization of amorphous Fe–As 
complexes (Zhang et  al. 2022a). These studies highlight 

that freeze–thaw cycles and wet-dry alternations can 
drive distinct biogeochemical processes of PTEs and thus 
affect their transport and transformation in soil.

However, biochar aging performance and correspond-
ing mechanisms are known to vary significantly across 
different soil types due to variations in soil composi-
tion and physicochemical properties (Long et  al. 2024). 
Although some studies have explored how aging in 
diverse soils alters raw biochar characteristics, micro-
cystin adsorption, and nitrate retention (Cao et al. 2017; 
Cooper et  al. 2023; Yuan et  al. 2021), the influences of 
these aging processes on the fates and bioavailabilities 
of PTEs in soils amended with modified biochar remain 
unclear. This knowledge gap is critical, particularly for 
major As-contaminated soils like black soil (BS) and red 
soil (RS), which serve as essential growing media for sta-
ple crops such as rice, wheat, and corn. Therefore, explor-
ing the impacts of the aging process on the remediation 
of BS and RS soils by biochar materials is of significant 
importance for the remediation of PTE-contaminated 
soils. BS and RS soils differ significantly in physico-
chemical properties, including organic matter content, 
pH, redox potential, and mineralogical species (Guo 
et al. 2024). Consequently, modified biochar is expected 
to exhibit distinct aging behaviors in these soils, which 
can affect the effectiveness of PTE immobilization. This 
emphasizes the necessity for an in-depth investigation 
into the aging mechanisms of modified biochar in BS and 
RS soils to better understand its responses in different 
soil environments.

Biochar aging in soil alters its physicochemical prop-
erties and can fragment it into micro- and nano-sized 
particles (Long et al. 2024). Aging processes like freeze–
thaw and wet–dry cycles compromise structural integrity 
through cracking, swelling, and pore collapse induced by 
heat release and water vapor (Liu et  al. 2025; Zhao and 
Shang 2023). These morphological transformations gen-
erate micro/nano-biochar with distinct physicochemical 
characteristics, thereby modifying their heterogeneities 
to bind PTEs. Earlier studies report that aging treatments 
alter the chemisorption type of ramie nano-biochar while 
increasing its physical adsorption of Cd (Wang and Liu 
2024). Moreover, aging increases the binding perfor-
mance of micro/nano-biochar for As compared to bulk 
biochar, likely due to a stronger affinity of As(III) for 
humic-like components (Xu et al. 2024). However, these 
findings are primarily from simulated chemical environ-
ments, leaving the micro/nano-interfacial aging mecha-
nisms that control As fate in real soils largely unknown.

To address these knowledge gaps, this study employed 
three aging treatments, including natural aging, freeze–
thaw cycles, and dry–wet alternation, to simulate the 
CMBC aging in two real soils. The effects of these aging 
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treatments on key soil properties and As immobilization 
capacity of CMBC were investigated. Furthermore, the 
aging mechanisms of CMBC for As stabilization in soils 
were revealed using characterization techniques such 
as X-ray diffraction (XRD), Fourier-transform infrared 
spectroscopy (FT-IR), X-ray photoelectron spectra (XPS), 
among others. This research will provide critical insights 
into the role of modified biochar aging on the geochemi-
cal fate of As in real soils.

2 � Materials and methods
2.1 � Soil and reagent
The experimental soils used in this study were red soil 
(RS) and black soil (BS), collected from As-contaminated 
areas in China. The RS sample was sourced from farm-
land near the Shimen Realgar Mining Area in Hunan 
Province (29°39′27’’ N, 111°31′12’’ E), while the BS soil 
sample was obtained from the vicinity of the Dalian 
Dahua Chemical Plant in Liaoning Province (38°57′15’’ 
N, 121°38′64’’ E). The total As concentrations in BS and 
RS soils were 182.14 and 157.82  mg  kg−1, respectively, 
both exceeding the limit stipulated by Chinese national 
standard (GB 15618-2018). Other physicochemical prop-
erties of the soils are shown in Table S1. Analytically pure 
chemical reagents, such as CeCl3, KMnO4, HCl, were 
used for material preparation and chemical experiments. 
All reagents were purchased from Aladdin Chemistry Co. 
Ltd.

2.2 � Preparation of CMBC
The optimal synthesis procedure of CMBC was based 
on our previous research (Liang et  al. 2020). In brief, 
original biochar (BC) was prepared by anaerobic pyrol-
ysis of wheat straw at 600 ℃ for 2  h. The BC was then 
thoroughly washed with 0.01 M HCl to remove impuri-
ties, following by washing with deionized water until the 
effluent reached a neutral pH. After drying, the BC pow-
der was pre-impregnated with 0.6  M CeCl3 and 0.3  M 
KMnO4 at a mass ratio of 4:3:1 (BC:CeCl3:KMnO4) under 
magnetic stirring for 2 h. The mixture was then filtered 
and freeze-dried. The obtained solid was subjected to a 
second pyrolysis step under the same conditions (600 ℃ 
for 2 h) to yield the final product, which was designated 
as CMBC. The resulting CMBC was ground and sieved 
through a 100-mesh (0.125  mm) screen for subsequent 
application and characterization. The morphology, crys-
tallography, specific surface area, and surface functional 
groups of CMBC have been reported previously (Liang 
et al. 2020).

2.3 � Material aging treatments
CMBC was thoroughly mixed with 100 g of BS or RS soil, 
each with a particle size of 0.25 mm (60-mesh sieve), at 

mass ratios of 1%, 2.5%, and 5%. The resulting CMBC-soil 
mixtures were subjected to natural aging (NA), freeze–
thaw cycles (FT), and wet–dry cycles (DW) incubation in 
beakers, where the NA-aging served as the control treat-
ment. For NA, the mixtures were maintained at 70% soil 
moisture content and incubated at 25 ℃ for 30 d. The FT 
treatment underwent 30 cycles, each consisting of 12  h 
at −20 ℃ followed by 12 h at 25 ℃, with soil moisture was 
monitored and maintained at 70% throughout the 30-day 
period. For DW treatment, the mixtures were maintained 
at 100% moisture content and incubated at 25 ℃ for 16 h, 
followed by incubation at 65 ℃ for 8 h, during which the 
moisture content was allowed to decrease but remained 
above 30%. This process was repeated for 30 cycles. All 
beakers used in aging treatments were sealed with a film 
containing 5 small pores to maintain water–air balance. 
Unamended BS and RS soils were also subjected to the 
same aging treatments as described above. All soil aging 
treatments were conducted in triplicate.

2.4 � Analysis of soil properties
Soil samples were collected at the 1st, 3rd, 7th, 15th, 
and 30th cycles during all aging treatments to evaluate 
dynamic indicators, including soil pH and water-soluble 
As (WS-As) content. At the end of all aging periods, the 
distribution of As species in soil was analyzed, along with 
the activities of soil enzymes including urease, catalase, 
alkaline phosphatase, and sucrase. Meanwhile, the con-
tents of dissolved organic carbon (DOC) and available 
phosphorus (AP) in soil were measured. The distribution 
of As species was analyzed using the Wenzel sequential 
extraction method, which categorized them into five 
fractions: the non-specifically adsorbed fraction (F1), the 
specifically adsorbed fraction (F2), the fraction adsorbed 
on amorphous and poorly-crystalline hydrous oxides 
of Fe and Al (F3), the fraction adsorbed on crystalline 
hydrous oxides of Fe and Al (F4), and the residual phases 
(F5). The mobility of these species can be ranked as: 
F1 > F2 > F3 > F4 > F5 (Wenzel et  al. 2001). Furthermore, 
to assess the leaching risks of Ce/Mn from CMBC into 
soil, we measured the bioavailable Ce/Mn concentrations 
via the acetic acid (0.1 M) extraction. Detailed methods 
for the detection of the above indicators, as well as the 
basic physicochemical properties of BS and RS soils, are 
provided in Text S1.

The immobilization efficiency ( η ) and mobilization 
coefficients (Mc) of As in soil were calculated using Eq. 1 
and Eq. 2, respectively.

(1)η(%) =
(C0 − Ce)

C0

× 100%
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where C0 and Ce are the WS-As contents of soil with and 
without addition of CMBC, respectively.

2.5 � Aging mechanism characterization of CMBC
At the end of each aging period, CMBC powder, which 
had been added at a 5% mass ratio and co-aged with 
the soils, was recovered. The recovery process involved 
an initial screening based on particle size differences 
(CMBC particle size: 0.125 mm and soil particle size: 
0.25 mm), followed by manual selection of biochar par-
ticles using tweezers under a light microscope. The puri-
fied CMBC samples were then characterized using a 
series of analytical techniques. The morphologies and 
elemental distribution were characterized by a Gemi-
niSEM 300 equipped with a Smartedx EDS spectra 
(ZEISS, Germany). The surface elemental composition 
and chemical states were analyzed using X-ray photo-
electron spectroscopy (XPS) (Thermo Scientific K-Alpha, 
USA). Mineral crystal structures were identified by D8 
Advance XRD with Cu Kα radiation (Bruker, Germany). 
Surface functional groups were characterized using an 
FT-IR spectrometer (Thermo Fisher Scientific Nicolet 
iS20, USA). The products of CMBC after NA-aging, FT-
aging, and DW-aging were labeled as NA-CMBC, FT-
CMBC, and DW-CMBC, respectively.

2.6 � Statistical analysis
The experimental data were presented as the 
mean ± standard deviation of triplicates. One-way analy-
sis of variance (ANOVA) and Duncan’s multiple range 
tests were performed using SPSS Statistics version 20 
software, with a significance level set at 0.05 (P), to evalu-
ate significant differences in the mean values. The Pear-
son correlation coefficient was calculated to analyze the 
relationship between As mobilization coefficient and soil 
properties.

3 � Results and discussion
3.1 � Effect of different aging treatments on soil properties
3.1.1 � Soil pH
Figure 1a, b exhibit the temporal changes in soil pH for 
control (CK) and CMBC-amended soils under differ-
ent aging treatments. Overall, higher doses of CMBC 
treatment led to greater decreases in soil pH across all 
aging regimes. After 30 cycles, the pH in BS and RS soils 
amended with 5 wt% CMBC decreased by 7.5–8.6% and 
6.3–16.7%, respectively, compared to the CK soil. This 
acidifying effect suggests that CMBC had a stronger alka-
line soil buffering capacity, potentially favoring As immo-
bilization by suppressing H+ ion activity. Interestingly, 

(2)Mc =
F1+ F2

F1+ F2+ F3+ F4 + F5

this finding differs from previous studies in which simi-
larly modified biochars were found to increase soil 
pH (Guo et  al. 2025; Zhang et  al. 2022b). This discrep-
ancy may be attributed to the aging-induced release of 
acidic species (e.g., carboxyl and phenolic groups) from 
CMBC through H+ activation and the production of low-
molecular-weight organic acids, which can collectively 
weaken the acid-buffering capacity of soil (Long et  al. 
2024). However, the temporal pH variation in CMBC-
amended soils depended on aging mode and soil type. In 
BS soil (Fig. 1a), pH decreased gradually under NA-aging, 
dropped rapidly under FT-aging, and increased initially 
before decreasing sharply under DW-aging. Therefore, 
the final pH values in 5 wt% CMBC-amended BS soil 
followed the order: NA-aging ≈ DW-aging > FT-aging 
(Fig.  1c). The dramatic temperature fluctuations during 
FT-aging likely accelerated the release of acidic func-
tional groups from CMBC microparticle and soil organic 
matter, which subsequently reacted with cations to form 
carboxylates and phenolates that can produce H+ ions 
(Xu et al. 2018). The initial pH increase under DW-aging 
was related to the dissolution of alkaline minerals from 
soil microaggregates (Liu et al. 2025).

In contrast to BS soil, the pH changes in CMBC-
amended RS soil were less affected by aging types 
(Fig.  1b). The pH in RS generally exhibited an initial 
decrease followed by an increase, plateauing after 15 
cycles. This behavior can be attributed to the signifi-
cantly higher clay and silt contents in RS than those in BS 
(Table S1). The dense texture of these clay minerals main-
tains a stable structure against freeze–thaw and dry–wet 
stresses, thereby limiting the release of H+ and OH– ions 
from soil colloids. Similar to the trend observed in BS 
soil, the final pH of RS soil amended with 5 wt% CMBC 
under FT-aging was significantly lower (p < 0.05) than 
under NA- or DW-aging (Fig. 1d). This reflects that FT-
aging promotes the release of positively charged protons, 
which would induce the electrostatic attraction of As and 
facilitate its stabilization.

3.1.2 � Dissolved organic carbon and available phosphorus
Figure  2a exhibits a comparison of DOC contents in 
differentially treated soils after 30 aging cycles. As 
anticipated, CMBC amendment elevated DOC concen-
trations under all aging treatments, increasing them by 
10–35% in BS soil and 5–45% in RS soil relative to una-
mended soil. This enhancement is likely attributed to 
the slow release of O-containing functional groups and 
low-molecular-weight organic acids from the CMBC 
matrix (Long et  al. 2024). In fact, these labile organic 
matters are highly responsive to soil environment 
perturbations. For example, the temperature-humid-
ity fluctuations can induce the release of exogenous 
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organic inputs such as plant-animal residues, humic 
substances, and soil necromass (Luo et  al. 2023). As 
a result, both amended and unamended soils exhib-
ited significantly higher DOC contents after DW- and 
FT-aging than after NA-aging. Specifically, in soils 
amended with 5 wt% CMBC, DOC contents were 4–7% 
higher under DW-aging and 20–43% higher under FT-
aging compared to NA-aging. The more pronounced 
DOC accumulation under FT-aging underscores its 
pivotal role in the formation of carbon sinks. This may 

arise from the thermally driven transformation of bio-
char-derived aromatic components into labile organic 
matter and organic acids, along with the enhanced dis-
solution of organic complexes during intense freeze–
thaw cycles (Yang et  al. 2023). DOC is critical for 
immobilizing soil contaminants like As through compl-
exation with low-molecular-weight organic acids, inter-
actions with organic matter, and electron shuttling via 
humic substances (Si et al. 2024). Therefore, the signifi-
cant rise in DOC under FT-aging likely contributes to 
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the enhanced As immobilization observed in CMBC-
amended soils (Fig. 4).

As shown in Fig.  2b, the AP contents in both soils 
increased dose-dependently with higher CMBC amend-
ment levels across all aging processes, demonstrating an 
enhanced effect of CMBC for phosphorus retention. This 
effect likely stems from the high specific surface area and 
strong complexation capacities of Ce/Mn-oxides within 
CMBC, which facilitate phosphorus adsorption and sta-
bilize soil phosphorus pools (Gong et al. 2024). Notably, 
the AP content in CMBC-amended soils followed the 
order: FT-aging > DW-aging > NA-aging. The increase in 
AP under DW- and FT-aging may be due to the weath-
ering of mineral-bound phosphorus and accelerated 
mineralization of organic phosphorus via temperature-
humidity cycling (Yadav et  al. 2019). Meanwhile, the 
aging-induced increase in phosphatase activity (Fig.  3d) 
could further promote the hydrolysis of phosphomo-
noesters/diesters into inorganic phosphorus (Sun et  al. 
2021). The positive influences of CMBC addition and 
FT-aging on AP levels likely induce the As mobilization 
due to the competition between phosphate (a chemi-
cal analogue of arsenate) and As for bonding sites on 
soil minerals. However, our results showed an enhanced 
immobilization of As under FT-aging with CMBC 
amendment (Fig.  4). This discrepancy can be attributed 
to the multiple encapsulation mechanisms for As, includ-
ing As-Mn/Ce complexation and As-mineral-bearing 
precipitation, which can overcome the competitive 
adsorption of phosphate (Lyu et al. 2024a). Interestingly, 

RS soil displayed greater sensitivity to FT-aging than BS 
soil in both DOC and AP contents under CMBC amend-
ment. Specifically, RS soil showed increases of 11–43% in 
DOC and 37–41% in AP, whereas BS soil exhibited nar-
rower ranges of 10–20% for DOC and 16–20% for AP. 
This differential responsiveness likely reflects the inher-
ently higher iron-(oxyhydr)oxide level in Krasnozem-
derived RS soils, where repetitive freeze–thaw promote 
reductive dissolution of Fe(III) phases, thereby liberating 
mineral-bound organic matter and phosphorus into the 
dissolved phase (Wang et al. 2025). 

3.1.3 � Enzyme activity of soil
Soil enzyme activity is an integrative bioindicator of soil 
fertility and nutrient availability. As shown in Fig. 3, the 
activities of catalase, urease, sucrase, and alkaline phos-
phatase showed a more pronounced positive response 
to higher doses of CMBC across all aging processes. 
Specifically, compared to CK, the activities of these four 
enzymes increased by 30–250% in BS and 40–320% 
in RS soil amended with 5 wt% CMBC. The beneficial 
effects of CMBC on enzyme activities are associated 
with its large specific surface area and porous struc-
ture, which provide habitats and nutrients (e.g., organic 
carbon, phosphorus, nitrogen) for soil microorganisms 
(Manasa et al. 2020). Similar studies have been reported 
by Shao et al. (2023) and Wang et al. (2022), who found 
significant enhancements in the activities of alkaline 
phosphatase, catalase, and urease in contaminated soils 
amended with phosphorus-loaded biochar and layered 
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double hydroxide-modified biochar. In contrast, some 
studies have noted that raw biochars can inhibit soil 
enzyme activities due to the oxidative stress caused by 
free radicals and their limited ability to alleviate the tox-
icities of PTEs (Shao et  al. 2023; Yang et  al. 2021). The 
positive influence observed in this study implies that Ce/
Mn modification not only mitigates the oxidative stress 
of fresh biochar on soil microorganisms but also reduces 
As-induced toxic stress on enzyme substrates.

The effect of different aging treatments on enzyme 
activities in both amended BS and RS soils generally fol-
lowed the order of FT-aging > DW-aging > NA-aging. 

The pronounced stimulatory impact of FT-aging on 
enzyme activities can be ascribed to the apoptosis and 
lysis of bacteria and fungi, which release intracellular 
components that support the growth of surviving micro-
organisms. Additionally, the repetitive expansion and 
contraction during freeze–thaw cycles induce fragmen-
tation of soil aggregates and expose bioavailable sites, 
thereby promoting the growth of surviving microor-
ganisms (Yang et al. 2021). Similarly, Yadav et al. (2019) 
observed that a short-term aging treatment increased the 
activities of dehydrogenase, phosphatase, and urease in 
soil amended with biochar.
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Fig. 4  Temporal changes in WS-As concentration of control and CMBC-remediated soil under different aging treatments in a BS and b RS soils. 
Comparison of WS-As concentrations in c BS and d RS soils treated with 5% dose of CMBC during different aging treatments. CK represents 
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In CMBC-treated soils, the differences in catalase, 
urease, and sucrase activities between NA-aging and 
DW-aging were minimal, while these enzyme activities 
were significantly lower under DW-aging than under 
NA-aging in unamended BS and RS soils. The slightly or 
markedly inhibitory effect of DW-aging is likely due to 
the combined heat and moisture stress during the high-
temperature phase, which can denature and degrade 
extracellular enzymes (Liao et  al. 2025). Notably, the 
increases in urease and alkaline phosphatase activi-
ties with CMBC amendment were significantly higher 
(p < 0.05) in RS soil than in BS soil (Fig. 3b, d), implying 
a more sensitive microbial response in RS soil. Causally, 
the higher N and P levels in BS soil increase the substrate 
sources for these two enzymes, which results in a lower 
threshold for the increase in enzyme activity caused by 
CMBC remediation.

3.2 � Effect of different aging treatments on As 
immobilization

3.2.1 � The change in water‑soluble As
The temporal changes in water-soluble As (WS-As) con-
centrations in unamended and CMBC-amended soils 
under different aging treatments are shown in Fig. 4a, b. 
Similar to the trends observed for soil pH, higher doses 
of CMBC amendment decreased WS-As concentrations 
across all aging treatments, highlighting the effectiveness 
of CMBC in As immobilization. However, the temporal 
variations in WS-As concentrations of CMBC-amended 
soils varied with aging treatment and soil type. In BS soil 
(Fig. 4a), WS-As concentrations under NA-aging initially 
decreased, then increased, and eventually plateaued at 
30 cycles. Under DW-aging, WS-As concentrations first 
increased and then gradually decreased. In contrast, FT-
aging led to a continuous decline in WS-As, which stabi-
lized after 30 cycles. This pattern indicates that FT-aging 
contributes to persistent As immobilization in CMBC-
remediated soil. Moreover, the final WS-As concentra-
tions in 5 wt% CMBC-treated soils under FT-aging were 
significantly lower (p < 0.05) than those under DW- and 
NA-aging (Fig. 4c, d).

The enhanced As retention under FT-aging may be 
attributed to localized fractures in the biochar matrix 
of CMBC, which generate additional micropores and 
mesopores, thereby increasing the available adsorp-
tion sites on CMBC surface (Wang and Liu 2024). Fur-
thermore, the lowest soil pH under FT-aging can result 
in significant electrostatic attraction of As. Lower pH 
level is often associated with higher redox potential 
(Eh), which facilitates the oxidation of As(III) to less 
mobile forms (Honma et al. 2016). Previous studies also 
reported that the collapse of recalcitrant soil minerals 
during FT-aging led to the formation of organo-mineral 

micro-agglomerates and organic plaque layers, which, 
with their abundant O-containing functional groups and 
well-developed micropores, promoted strong coprecipi-
tation and complexation of PTEs such as As, Ni, and Cd 
(Long et al. 2024; Yang et al. 2021). Interestingly, WS-As 
concentrations in CMBC-amended RS soil decreased 
gradually over time and were less affected by aging types 
or doses (Fig.  3b), implying an inherent preference for 
As immobilization in RS soil. This aligns with previous 
studies that reported higher passivation capacities for As, 
Cd, and Pb using stabilizers in Krasnozem soil (Wei et al. 
2024). Causally, a significantly higher poorly crystalline 
Fe and Al oxide-bound As was observed in unamended 
RS soil (Fig.  4b). As a result, the interaction between 
metastable As in RS soil and the active metal species and 
surface O-containing functional groups on CMBC likely 
facilitates As immobilization in weakly alkaline environ-
ments (Honma et al. 2016).

At the end of aging processes, the WS-As concentra-
tions in BS and RS soils amended with 5 wt% CMBC 
decreased by 86–94% and 97–99%, respectively, com-
pared to the CK soil. The immobilization efficiencies 
of CMBC for As under different aging treatments were 
further compared with findings from recent studies. As 
shown in Table  1, most papers found that the immobi-
lization effectiveness of biochars for PTEs including As 
was significantly higher under freeze–thaw aging com-
pared to dry–wet cycle, a result consistent with the result 
of this study. Importantly, CMBC amendment demon-
strated superior immobilization efficiencies for PTEs 
compared to other modified biochars under both FT- 
and DW-aging, highlighting its retention durability and 
remediation potential for PTE-contaminated soil.

3.2.2 � The change in fractionation of As
Regardless of the aging processes, CMBC amend-
ment decreased the labile As fractions (F1 + F2) and 
increased the stable forms (F4 + F5) in both BS and RS 
soils (Fig.  5a, b), indicating a conversion of mobile As 
into more immobile species. The reduction in labile As 
under CMBC amendment was dose-dependent and cor-
responded to a proportional rise in stable As species. At 
the 5 wt% CMBC application rate, the combined F4 + F5 
fractions increased by 11–32% in BS soil and 39–73% in 
RS soil across all aging treatments, compared to CK soil. 
This finding confirms the immobilization effectiveness 
of CMBC for As, accounting for the decrease in WS-As 
contents. Notably, the transformation from labile to sta-
ble As fractions was consistently higher in RS than in BS, 
indicating a stronger preference for As immobilization in 
RS soil, which aligns with the WS-As results. This may 
be because Al–OH₂⁺ groups in RS soil immobilize arse-
nate (AsO₄3⁻) through inner-sphere complexation, while 
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organic matter in BS soil competes for adsorption sites, 
thereby reducing As immobilization efficiency (Cao et al. 
2025). The divergence may involve differences in crystal 
structures, functional group types, and coordination fates 
between the two soils, with the molecular mechanism 
requiring further confirmation by specific characteriza-
tion techniques.

The migration coefficient (MC) serves as a key indi-
cator to assess the mobilization properties of PTEs in 
soil. As illustrated in Fig.  5c, d, the MC values of As 
in CMBC-amended soils under different aging treat-
ments generally followed the order: NA > DW > FT. 
The significantly lower (p < 0.05) MCs under FT-aging 
imply a redistribution process of As species in soil. This 
is supported by a 10–15% increase in the fractions of 

As bound to well crystalline Fe-Al oxide and residual 
species in FT-aged soils compared to NA- and DW-
aged samples. The geochemical transformation of As 
derived from above phenomena likely occurs in two 
stages. First, upon CMBC application and incubation, 
a portion of As species is converted from active frac-
tions (e.g., nonspecifically and specifically-sorbed As) 
to metastable species associated with poorly crystalline 
Fe/Al oxide-bound As. Second, FT-aging promotes the 
further transformation of these metastable phases into 
highly stable forms, such as well crystalline Fe/Al oxide-
bound and residual As species, with this stabilization 
being more pronounced in RS than in BS. This FT-
driven stabilization mechanism can be ascribed to the 
enhanced formation of AsnMn(1-n)(OH)3 precipitation 

Table 1  Comparison of PTEs immobilization behaviors using biochar-based material amendment under dry–wet and freeze–thaw 
cycle aging

Material Soil type Dose (wt%) Aging type Contaminant Immobilization 
efficiency (%)

Aging mechanism References

KMnO4-modi-
fied biochars

Red soil 6 Dry–wet cycle Cd 52 Increasing the O-containing functional groups 
and complexation with Cd

Meng et al. 
(2022)

Freeze–thaw 
cycle

56 Accelerating the ion exchange between Mn 
and Cd due to the Mn loss

Wheat straw 
biochar

Alkaline soil 5 Dry–wet cycle Cd 14.6 Increasing the O-containing functional groups, 
providing more binding site for Cd

Yang et al. (2021)

Ni 17.0

Freeze–thaw 
cycle

Cd 12.9 Formation of new carbonate minerals promotes 
Cd precipitationNi 13.0

Zero-valent 
iron-embed-
ded biochar

Red soil 5 Dry–wet cycle As 78 Oxidation dissolution of ZVI and the formation 
of mobile reduced As(III)

Zhang et al. 
(2022a, b)

Freeze–thaw 
cycle

91 Crystallization of amorphous iron adsorbed As 
and oxidation of As(III) to As(V)

Magnesium–
aluminum 
modified 
biochar

Yellow soil 1 Dry–wet cycle As  − 1 The dissolution of O-containing functional 
groups

Peng et al. (2023)

Cd 22

Freeze–thaw 
cycle

As 19 Increasing the hydrotalcite structure

Cd 24

Wood sawdust 
biochar

Tailings black 
soil

5 Dry–wet cycle As  − 46 Increasing the lignin content of biochar 
and thus promotes Pb immobilization

Kim et al. (2024)

Pb 61

Freeze–thaw 
cycle

As  − 50 Decreasing the biochar stability and high DOM 
release, thereby enhancing As and Pb mobilitiesPb 12

Fe-biochar Red soil 3 Dry–wet cycle As 39 Decreasing the residual fractions of As and Cr Wang et al. 
(2023a, b)Cr 95

Freeze–thaw 
cycle

As 50 Promoting the conversion of amorphous 
to crystalline Fe bound As and CdCr 99

Ce-Mn modi-
fied biochar

Red soil 5 Dry–wet cycle As 95 Dispersed biochar-soil microparticles 
induce moderate Fe/Ce–O-As complexation 
and less As(III) oxidation

This study

Freeze–thaw 
cycle

99 More Ce/Si nano-bridge mediated CMBC-soil 
colloid adhesion enhances Fe/Ce–O-As compl-
exation and As(0) formation

Black soil Dry–wet cycle 92 Dispersed biochar-soil microparticles decrease 
Fe/Ce–O-As complexation and As(III) oxidation

Freeze–thaw 
cycle

94 Ce/Si nano-bridge mediated CMBC-soil colloid 
adhesion enhances Fe/Ce–O-As complexation 
and As(III) oxidation
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and As-Mn/Ce complexation via multiple edge-shar-
ing corner coordination in CMBC-amended soil under 
FT-aging (Wang et  al. 2023a). Similar aging-induced 
immobilization has been reported for other PTEs. For 
example, the phytoavailable Cd in soil amended with 
wheat straw biochar was reduced by > 10% under FT-
aging compared to NA- and DW-aging, which was 
attributed to an increase in O-containing functional 
groups on biochar that provided additional binding 
sites for Cd retention (Yang et  al. 2021). Furthermore, 
MgO-modified palygorskite biochar (MPBC) exhibited 
enhanced Cd immobilization under combined FT- and 
DW-aging relative to either aging treatment alone, as 
the synergistic aging accelerated MPBC oxidization by 

citric acid, thereby promoting Cd-π complexation, ion 
exchange, and precipitation (Yang et al. 2024a).

3.3 � Relationship analysis between As immobilization 
and soil properties

As mentioned above, CMBC amendment effectively 
enhances As immobilization through the changes in soil 
properties such as pH reduction and increased DOC and 
AP contents. This suppression of As mobilization sub-
sequently increases soil enzyme activities by reducing 
As toxicity. However, the strength of these interactions 
varies considerably with soil type and aging processes. 
To quantify these relationships, we constructed Pearson 
correlation matrices to evaluate the linkages between As 
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Fig. 5  Species distribution and migration coefficients of As in a, c BS and b, d RS soils with or without CMBC amendment under different aging 
treatments. The NA, DW, and FT denote natural, dry–wet cycle, and freeze–thaw cycle aging, respectively and their adjunct numbers (0, 1, 2.5, and 5) 
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mobilization parameters (e.g., WS-As, F1-F2 fractions) 
and key soil properties in CMBC-amended soils sub-
jected to different aging treatments.

As shown in Fig. S1, soil pH in RS soil exhibited a 
significant positive correlation with As mobilization 
parameters (WS-As: r = 0.78–0.97, p < 0.05; F1/F2 frac-
tions: r = 0.79–0.95, p < 0.05), whereas these correlations 
became insignificantly (P > 0.05) in BS soil. This suggests 
that As mobilization in RS soil is more sensitive to pH 
variation, likely due to the pH-dependent dissolution 
of Fe/Mn-(oxyhydr)oxides. Under weakly acidic con-
dition (pH < 6.5), partial dissolution of amorphous Fe/
Mn phases can expose more available binding sites for 
As sequestration through surface complexation (Yang 
et  al. 2024b). Furthermore, a stronger negative correla-
tion was observed in BS soil (r = −0.44 to −0.87) than in 
RS soil (r = −0.10 to −0.65) between DOC content and 
As mobilization indices. The greater influence of DOC 
on As stabilization in BS soil may be related to its richer 
abundance of O-containing functional groups and low-
molecular-weight organic acids, which are characteristic 
of Phaeozem-derived BS. These organic matters can be 
adsorbed onto CMBC and release humic-like lignin and 
tannin, which act as electron shuttles to mediate micro-
bial reduction of Fe(III) (oxyhydr)oxides, thereby influ-
encing As complexation and redox processes (Si et  al. 
2024; Wu et al. 2019).

Interestingly, AP exhibited a consistent negative corre-
lation (r = −0.47 to −0.97, p < 0.05) with As mobilization 
indices across all soil types and aging treatments, dem-
onstrating that phosphate-mediated As fate by CMBC 
amendment is independent of soil type and aging pat-
tern. This universal correlation suggests the robust effec-
tiveness of CMBC in As immobilization under complex 
DW- and FT-cycle perturbations, which can be attrib-
uted to multiple immobilization mechanisms including 
As-Mn/Ce complexation and As-mineral-bearing pre-
cipitation that can overcome the phosphate competi-
tion. Similarly, the four enzyme activities also showed 
consistent negative correlations (r = −0.22 to −0.91) with 
As mobilization indices across soil types and aging treat-
ments, indicating that CMBC-mediated As detoxification 
universally enhanced microbial activity.

3.4 � Potential ecological effects of Ce/Mn in CMBC material
The introduction of Ce and Mn through modified bio-
char warrants consideration of their potential ecological 
impacts. As an essential plant micronutrient, Mn partici-
pates in key redox processes and can form oxide barri-
ers on root surfaces, thereby reducing the uptake of PTEs 
like Cd (Wang et al. 2025). Ce, a rare earth element, may 
influence soil enzyme activities and nutrient cycling. Pre-
vious studies have reported that nano-CeO2 showed least 

toxicity to crops like wheat and cucumber in agricultural 
soil, while increasing soil enzyme activities and root bio-
mass (Chen et al. 2023; Xie et al. 2022). But CeO2 has also 
been shown to cause root oxidative stress and decrease 
nutrient components such as vitamin C and soluble sugar 
(Xie et al. 2022), indicating its context-dependent ecolog-
ical influence.

The ecological risks of these introduced metals are 
closely linked to their concentrations and environmen-
tal mobilities (Kurian 2020). In this study, Ce and Mn 
within the CMBC matrix were primarily stabilized as 
crystalline phases (e.g., CeO₂, MnO₂) and incorporated 
into soil-biochar aggregates via Ce-Si nano-bridging, 
which limited their bioavailability and leaching poten-
tial. Leaching tests further confirmed that the released 
levels of Ce and Mn from CMBC-amended soils ranged 
from 30 to 45  mg  kg−1 and from 0.10 to 0.22  mg  kg−1, 
respectively (Fig. S6), both of which are far below their 
natural background values (Ce: 60–85  mg  kg−1; Mn: 
400–500  mg  kg−1) (Chen et  al. 2023). Given that Ce/
Mn exhibit minimal mobility and a dual nature of effect, 
including both plant growth promotion and poten-
tial stress, we therefore conclude that these two metals 
in aged soils pose minimal ecological risks. However, 
the long-term behavior of slowly released metals from 
biochar and their comprehensive effects on plants and 
microorganisms require further investigation.

3.5 � Aging mechanisms of CMBC for As immobilization 
in BS and RS soils

3.5.1 � The changes in micro/nano‑interface between CMBC 
and soil particle under different aging processes

The micro-interfacial patterns between CMBC and soil 
particles under various aging processes were investi-
gated using SEM–EDS analysis. Aging treatments sig-
nificantly modified the morphologies and key elemental 
compositions of CMBC. As shown in Fig. S2, the pristine 
CMBC exhibited a typical scale-like, fragmented porous 
structure (Fig. S2a) with a gully-like surface coated 
with flaky agglomerates of Ce/Mn nanoparticles (Fig. 
S2b), consistent with the prominent Ce and Mn signals 
in the corresponding EDS spectrum (Fig. S2c). In con-
trast, aged CMBC recovered from both BS and RS soils 
displayed reduced porosity, with partial pore occlu-
sion by soil microparticles (Fig.  6). Compared to the 
relatively smooth surfaces in NA-aged CMBC (Fig.  6a, 
e), DW- and FT-aged CMBC exhibited rougher mor-
phologies accompanied by pore collapse, particularly in 
BS soil. These structural changes indicate that DW/FT-
aging fragmented the carbon skeleton of CMBC surfaces 
and thus increased its SSA from 140 m2  g−1 to 156–198 
m2 g−1 due to intense temperature-humidity fluctuations 
(Table S2). This finding aligns with previous report that 
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DW- and FT-aging disrupted biochar porosity, conse-
quently enhancing SSA through structural degradation 
(Yang et al. 2024a). Interestingly, CMBC aged in RS soil 
retained more intact porous structures (Fig.  6e1–g1) 
than that aged in BS soil (Fig.  6a1–c1). This divergence 
may correlate with textural differences: RS soil contained 
substantially higher clay content (25.5%) than BS soil 
(9.7%) (Table S1). We hypothesize that clay minerals with 
smaller particle sizes preferentially occupy macropores 
and mesopores in biochar via hydraulic transport, as evi-
denced by the elevated Si/Fe signals in EDS spectra of 
RS soil (Fig.  6e2–g2). Such pore-filling effects may pro-
vide structural reinforcement against collapse induced by 
temperature-humidity cycling (Ravindiran et  al. 2024). 
Paradoxically, despite the expected SSA reduction from 
pore occlusion, CMBC aged in RS soil showed higher 
SSA than that recovered from BS soil (Table  S2). This 
discrepancy may be attributed to the limited pore filling 
of micropores in CMBC by clay minerals and cellulose/

hemicellulose degradation during aging, which in turn 
potentially generates new micropores (Zhao and Shang 
2023). The detailed interplay between these processes 
requires further study.

The aging processes resulted in an obvious depletion 
of Ce and Mn mass ratios on CMBC, with the extents 
of loss following the order: FT-aging > DW-aging > NA-
aging in both soils (Fig.  6a2–c2, e2–g2). This suggests 
that FT-cycling preferentially triggers the partial Ce/Mn 
dissolution, likely driven by acid-enhanced mineral solu-
bilization under soil pH reduction (Fig. 1c, d). Although 
such dissolution may theoretically impair As immobiliza-
tion by weakening Ce/Mn-As complexation, our results 
of WS-As and As fractionation revealed a contradictory 
decrease in As mobilization. The incompatible outcome 
can be due to the doping of Fe-(oxyhydr)oxide on FT-
aged CMBC surfaces through solute transport, as con-
firmed by the significantly increased Fe mass ratios in 
EDS spectra (Fig.  6c2, g2). Biogenic Fe(III/II)-(oxyhydr)

Fig. 6  SEM–EDS images of aged CMBC in BS and RS soils, for its morphology patterns and accompanied EDS spectra after a-1/2, e-1/2 NA-aging, 
b-1/2, f-1/2 DW-aging, and c-1/2, g-1/2 FT-aging in both soils. EDS mapping of element distribution on interface between FT-aged CMBC and soil 
microparticle in both soils, for the images of d, h all elements, d-1, h-1 C element, d-2, h-3 Si element, d-3, h-2 O element, d-4, h-4 Ce element, 
d-5, h-5 As element, d-6, h-6 Fe element, and d-7, h-7 Mn element
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oxides are key regulators of PTE geochemical cycling and 
are particularly effective in immobilizing As via As-Fe 
complexation and FeAsO4 coprecipitation in soil systems 
(Lyu et  al. 2023). The observed 4- to 8-fold enrichment 
of As on FT-aged CMBC (EDS spectra in Fig.  6c2, g2) 
strongly supports this hypothesis, demonstrating a net 
enhancement in As adsorption that partially explains the 
preferential immobilization during FT-aging.

Notably, SEM images revealed marked microstructural 
differences in aged CMBC across the various treatments: 
NA- and DW-aged samples exhibited separate and dis-
persed microparticles, whereas FT-aged samples formed 
dense aggregates of nonporous particles with distinct 
Si–C fluorescence boundaries in EDS mapping (Fig. 6d1–
d7, h1–h7). This demonstrates that freeze–thaw cycling 
induces tight adhesion between soil microparticles and 
biochar substrates, a novel phenomenon attributable to 
ice-mediated interfacial interactions. This microstruc-
tural reorganization likely arises from frost-heaving and 
thaw-settlement cycles, which generate soil fragments 
with higher surface energy that exhibit strong molecular 
attraction to biochar via hydrophilic interactions (Yang 
et  al. 2019; Zuo et  al. 2022). Such colloid-microparticle 
adhesion further promotes As sequestration through 
physical entrapment. To elucidate this mechanism, we 
characterized the nano-interfacial interactions between 
soil and CMBC colloids under freeze–thaw conditions.

TEM images of FT-aged CMBC revealed the aggre-
gation of soil nanoparticles on the CMBC surfaces 
(Fig. 7a, f ), which was confirmed by clear Si–C fluores-
cence boundaries in EDS mappings (Fig. 7e1–e7, j1–j7), 
consistent with SEM–EDS results. In contrast, NA- and 
DW-aged CMBC samples maintained discrete particles 
devoid of soil attachment (Fig. S3a, S3d), underscor-
ing that FT-aging uniquely drives interfacial adhesions 
between soil and CMBC. In the enlarged views (Fig. 7b, 
g), a zigzag-shaped crack appeared at FT-aged CMBC-
soil interface and distributed micropores were observed 
within the carbon layer, whereas NA- and DW-aged sam-
ples retained a denser biochar structure (Fig. S3b, S3e). 
These structural alterations suggest that FT cycling gen-
erates additional micropores in CMBC, which accounts 
for its increased SSA despite partial pore occlusion by 
Si/Fe-minerals. Such carbon matrix fragmentation cor-
roborates our hypothesis that intense freeze–thaw cycles 
drive morphological transformation of CMBC from 
bulk to micro/nanoscale architectures. High-resolution 
TEM (HRTEM) images of the carbon-soil interface 
revealed fuzzy band-like separation planes (marked by 
grey lines in Fig. 7c, h). Fourier calculations of the inter-
calated lattice fringes at the interface indicated spacings 
of 2.702 nm in BS soil (Fig. 7d) and 3.170 nm in RS soil 
(Fig. 7i), corresponding to the (112) plane of CeSiO2 and 

the (−121) plane of Ce2SiO5, respectively, consistent with 
the XRD results. These Ce-Si crystals act as nano-bridges 
that connect nano-CMBC to soil particles and further 
promote As immobilization via adsorption onto Fe/Mn-
(oxyhydr)oxides, as evidenced by the uniform distribu-
tion of Fe, Mn, and As in EDS mappings (Fig.  7e5–e7, 
j5–j7). Interestingly, the interface in BS exhibited a wider 
separation (Fig.  7c) than that in RS soil (Fig.  7h), while 
RS interfaces contained more intercalated Ce-Si crystals, 
reflecting tighter soil colloid-CMBC adhesion in RS. This 
closer interface likely strengthens As binding through 
increased van der Waals forces and hydrogen bonds 
with active Fe/Mn minerals and O-containing functional 
groups, while also providing greater mechanical resist-
ance to As-associated crystal defects (Shen et  al. 2022). 
Herein, we further analyzed the changes in crystal struc-
tures and coordination fates of key species for As immo-
bilization at CMBC-soil interface under different aging 
processes.

3.5.2 � Changes in key crystal structures of CMBC 
under different aging processes

The crystalline structures of CMBC under different aging 
treatments were characterized via XRD analysis. As 
shown in Fig. 8a, the primary crystalline phases in pris-
tine CMBC were CeO2, MnO2, and SiO2. After aging in 
BS soil, the crystalline phases of CMBC remained largely 
unchanged, except for a newly emerged peak at 27.946° 
belonging to Ce2SiO5 (JCPDS PDF 48-0054) in the FT-
aged sample (see local enlargement in Fig. S4), consist-
ent with TEM observations. In contrast, aging in RS soil 
induced significant phase transformation, as evidenced 
by the appearance of diffraction peaks at 11.513° for 
CaSiO3 (JCPDS PDF 29-0372) and at 33.179° and 35.651° 
for Fe2O3 (JCPDS PDF 89-8103). These newly formed Ca/
Fe-oxides likely originated from the intercalation of Ca/
Fe-rich minerals released from RS soil into the delami-
nated CMBC structure, occurring under the conditions 
of intense temperature-humidity fluctuations (Feng et al. 
2025). The presence of these reactive metal oxides is cor-
related with enhanced As sequestration, as further dem-
onstrated by a unique peak at 43.138° assigned to FeAs 
(JCPDS PDF 77-1359).

Notably, characteristic CeO2 diffraction peaks at 
28.549°, 33.077°, and 56.342° were absent in RS-aged 
CMBC, which may be due to the acidic pH and elevated 
Eh of Krasnozem soil. Under such hydrated oxidizing 
conditions, Ce-minerals tend to undergo amorphiza-
tion, resulting in the formation of amorphous Ce-oxides 
with enhanced As-binding capacity (Kurian 2020). This 
interpretation is supported by the detection of a diffrac-
tion peak at 31.221° belonging to Ce4As3 (JCPDS PDF 
89-3223), which was exclusively found in FT-aged CMBC 
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from RS soil. These additional Ce/Fe-bound As species 
further elucidates the preference for As immobilization 
in RS soil. Interestingly, a distinct peak at 27.946° associ-
ated with CeSi2 (JCPDS PDF 06-0485) was also identified 
in FT-aged CMBC in RS soil, similar to that observed in 
BS soil. This provides crystallographic evidence for the 
nano-bridging interactions between nano-CMBC and 
soil microparticles as revealed by TEM analysis.

3.5.3 � Changes in coordination fates of key functional groups 
on CMBC under different aging processes

FT-IR spectra (Fig. 8b) were employed to track changes 
in the surface functional groups of CMBC across 

different aging treatments. Apparently, the stretching 
vibration peaks of O-containing functional groups, such 
as phenolic –OH at 3421  cm−1 and lactone COO– at 
1430  cm−1, exhibited significantly increased intensities 
on aged CMBC compared to the pristine one. The most 
pronounced enhancement was observed for COO– 
group in RS-aged CMBC. These findings indicate that soil 
aging promotes the enrichment of O-containing func-
tional groups on CMBC, which is further supported by 
the substantially elevated (–OH)/(C = O) ratio, an index 
of surface O-containing functional group abundance 
(Table S2). This phenomenon likely stems from oxidative 
disconnection and transformation of aromatic moieties 

Fig. 7  TEM-EDS images of CMBC under FT-aging in both soils, for a, f representational adhesion images of aggregates between soil and CMBC 
nanoparticles. Correspondingly b, g enlarged images and c, h their HRTEM images in both soils. Lattice profile of HRTEM images descripting 
the nanointerface between soil and nano-CMBC, for d, i crystal diffraction pattern, d-1, i-1 lattice fringe pattern, and d-2, i-2 lattice spacing 
pattern. EDS elemental distribution between nano-CMBC and soil particle in both soils under FT-aging, for the images of e, j diffraction pattern 
of the selected region, e-1, j-1 C element, e-2, j-3 Ce element, e-3, j-2 O element, e-4, j-4 Si element, e-5, j-5 Fe element, e-6, j-6 Mn element, 
and e-7, j-7 As element



Page 17 of 21Lyu et al. Biochar            (2026) 8:56 	

Fig. 8  a XRD patterns and b FT-IR spectra of CMBC subjected to different aging processes in both soils. High resolution XPS spectra 
of deconvoluted c Ce 3d, d Mn 2p, e Fe 2p, and f As 3d spectra for different aged CMBC in both soils. g Effect mechanisms of freeze–thaw cycling 
on As fate in the interface between soil microparticle and nano-CMBC particle
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in CMBC into O-bearing components such as hydroxyl 
and carbonyl groups (Wang and Liu 2024). Addition-
ally, bending vibration peaks at 470  cm−1 and 780  cm−1 
were attributed to M–O (M = Ce, Fe, or Ca) and C–O 
groups, respectively. The ratio of (M–O)/(C–O) serves 
as a metric of metal group abundance. Remarkably, both 
the (M–O)/(C–O) and (–OH)/(C = O) ratios in CMBC 
increased in the order: FT-aging > DW-aging > NA-aging 
(Table S2), suggesting preferential grafting of metal- and 
oxygen-groups onto FT-aged CMBC surface. This trend 
aligns with SEM–EDS and XRD results. The synergis-
tic enrichment of these additional metal- and oxygen-
groups on FT-aged CMBC favors As complexation. 
Therefore, the coordination fate of As with key functional 
groups on aged CMBC was further investigated via XPS 
characterization.

According to the aforementioned studies, Ce-, Mn-, 
and Fe-metal oxides play critical roles in As bonding dur-
ing CMBC aging. Hence, high resolution XPS spectra of 
O 1 s (Fig. S5), Ce 3d (Fig. 8c), Mn 2p (Fig. 8d), and Fe 
2p (Fig. 8e) were analyzed for CMBC aged under differ-
ent conditions. The O 1 s spectra of all aged CMBC were 
deconvoluted into three components: C–O, C = O, and 
M–O (M = Ce, Mn, or Fe) bonds. Notably, a new peak 
at ~ 533 eV, belonged to As–O, was detected only in RS 
soil-aged CMBC but was absent in BS soil-aged samples. 
This As–O bond exhibited the highest peak area and 
relative proportion in FT-aged CMBC (Table  S3), indi-
cating an enhanced formation of stable As-associated 
species on FT-aged CMBC surface in RS soil, consist-
ent with the XRD results. Crucially, the O-bonded peaks 
shifted toward higher binding energies (BEs) after aging 
in BS soil, whereas aging in RS soil induced a shift to 
lower BEs. Similar BE shifts were observed in deconvo-
luted peaks of Ce 3d (Fig. 8c), Mn 2p (Fig. 8d), and Fe 2p 
(Fig.  8e). These contrasting BE trends likely reflect dis-
tinct metal speciation mechanisms in the two soils. BS 
soil, rich in organic ligands, may promote electron with-
drawal from metal ions via chelation, thereby increasing 
oxidation states and BEs of redox-active metals. In con-
trast, RS soil is characterized by a high abundance of pos-
itively charged goethite and hematite, which can adsorb 
oxidized As while accepting electrons, thereby reducing 
BEs (Dong et  al. 2025). This conjecture is supported by 
the emergent Fe 2p3/2 and Fe 2p1/2 doublet (Fig.  8e), in 
which both Fe(III) and Fe(II) species were detected in all 
aged CMBC samples. Correspondingly, the stoichiomet-
ric ratio of Fe(IIII): Fe(II) decreased from 1.2 to 1.5 in BS-
aged samples to 1.1–1.4 in RS-aged samples (Table  S6), 
confirming greater ferric reduction in RS soil, a process 
that facilitates electron access during redox reactions. 
Furthermore, an Fe–O–As bond was identified in decon-
voluted Fe 2p spectra of all aged CMBC samples (but not 

in pristine CMBC), emphasizing the pivotal role of Fe-
oxides in As immobilization during aging. The relative 
proportion of Fe–O–As bonds was highest in FT-aged 
CMBC in both soils (Table S6), corroborating the unique 
As–Fe crystalline phase observed by XRD and indicating 
that FT-aging preferentially promotes As stabilization. 
Besides that, Ce species also contributed significantly to 
As sequestration. In Fig. 8c, the Ce 3d spectra revealed a 
peak near 884 eV, attributable to Ce–O–As bond, which 
was present in RS-aged CMBC samples and FT-aged BS 
samples. This demonstrates that both host Ce-oxides and 
intercalated guest Fe-oxides on the CMBC surface syner-
gistically drive As retention.

Similar to Fe 2p analysis, the Ce 3d spectra of all CMBC 
were deconvoluted into Ce(IV) and Ce(III) valence states. 
The calculated stoichiometric Ce(IV): Ce(III) ratios 
compared as the order: non-aging > DW-aging > NA-
aing > FT-aging (Table S4), indicating an enhanced reduc-
tion of Ce(IV) to Ce(III) during FT-aging. A parallel 
trend was observed in the Mn 2p spectra (Fig. 8d), where 
the relative abundance of higher-valence Mn species 
declined, as reflected by the Mn(IV): [Mn(III) + Mn(II)] 
ratios: non-aging > NA-aing > DW-aging ≈ FT-aging in 
BS soil, and non-aging > NA-aing > DW-aging > FT-aging 
in RS soil (Table S5). The prominent reduction of redox-
active Ce/Mn on aged-CMBC surfaces, particularly 
under FT-aging, can induce As(III) oxidation via cou-
pled reactions from 2Mn(Ce)O2 + e−  + 6H+  → 2Mn(Ce)
OOH + 2H2O to AsO3

3−  + H2O → AsO4
3−  + e−  + 6H+ 

(Lyu et  al. 2024a). In agreement with this mechanism, 
the As 3d spectra (Fig. 8f ) revealed adsorbed As signals 
at ~ 37 eV (AsIII), ~ 38 eV (AsV), and ~ 45 eV (AsV). The 
As(III): As(V) ratios compared sequentially: NA-aging 
(1.25) > DW-aging (0.52) > FT-aging (0.45) in BS soil, 
and NA-aging (0.33) > DW-aging (0.30) > FT-aging (0.26) 
in RS soil (Table  S7). This inverse correlation between 
the extent of Ce/Mn reduction and the proportion of 
As(III) confirms the Ce/Mn-driven As(III) oxidation, 
where FT-aging exerted the strongest redox effect. Nota-
bly, characteristic peaks of As(0) emerged exclusively 
in FT-aged CMBC at 36.8  eV in BS soil and 35.1  eV in 
RS soil (Wang et  al. 2023b). This signifies a secondary 
geochemical process of As, that is the partial reduc-
tion of As(V)/As(III) to inert As(0) in a frozen anaero-
bic environment caused by the supply of protons from 
Fe(0) on CMBC surface (Zhang et  al. 2022b). The addi-
tional peaks at 713.69  eV for BS soil and 710.82  eV for 
RS soil confirmed the formation of highly reactive Fe(0) 
on FT-aged CMBC (Fig. 8e), which drives the reduction 
and transformation to As(0) via two possible pathways: 
2Fe0 + 4H+  + 2HAsO3

2−  → Fe2O3 + 2As0 + 3H2O and 
4Fe0 + 6H+  + 2H2AsO3

−  → 2Fe2O3 + 4As0 + 6H2O. This 
finding is similar with previous studies demonstrating 
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that As(0) can be trapped between an Fe(0) core and an 
Fe(III) oxide outer shell under anoxic conditions (Tuček 
et al. 2017).

In summary, as displayed in Fig.  8g, FT-cycling 
uniquely induces the formation of tight adhesion between 
soil microparticles and CMBC matrix via Ce–Si crystal 
nano-bridges, in contrast to the dispersed microparti-
cles observed in NA/DW-aged samples. This interfacial 
restructuring promotes the intercalation of Ca/Fe-oxides 
and amorphous Ce-oxides into CMBC, facilitating the 
formation of As–Fe/Ce crystalline phases. Concurrently, 
synergistic enrichment of metal- and oxygen-groups on 
FT-aged CMBC surface induces the formation of stable 
As–Ce/Fe–O species while enabling dual redox trans-
formation: (1) Ce/Mn reduction drives bulk As(III) oxi-
dation to As(V), and (2) Fe(0) oxidation mediates partial 
transformation of As(V)/As(III) to inert As(0). Impor-
tantly, aged-CMBC shows a preference for As immo-
bilization in RS soil, where tighter adhesion between 
nano-CMBC and RS colloids amplifies the bonding of 
Ce/Fe-oxides with As and intensifies the oxidation of 
As(III) to As(V) through heightened participation of Ce/
Mn reduction.

4 � Conclusion
This study investigated the aging behavior of CMBC in 
two As-contaminated soils under three aging treatments. 
Overall, CMBC amendment most effectively altered soil 
properties under FT-aging, followed by DW-aging and 
NA-aging, after 30 aging cycles by reducing pH while 
increasing DOC, AP, and four enzyme activities. Con-
currently, CMBC significantly reduced water-soluble As 
concentrations and mobilization coefficients, with FT-
aging exhibiting superior immobilization. This enhanced 
performance under FT-aging is attributed to Ce–Si crys-
tal nano-bridges that tightly adhere soil microparticles to 
CMBC matrix, which promotes Ca/Fe-oxide intercala-
tion and amorphous Ce-oxides formation within CMBC, 
thereby facilitating As–Fe/Ce crystalline phase devel-
opment. Meanwhile, synergistic metal–oxygen groups 
enrichment on FT-aged CMBC surface enables stable 
As–Ce/Fe–O formation and induces dual redox transfor-
mation: (1) Ce/Mn reduction oxidizes As(III) to As(V), 
and (2) Fe(0) oxidation reduces As(V)/As(III) to inert 
As(0). Interestingly, CMBC exhibited preferential As 
immobilization in RS soil due to tighter CMBC-RS col-
loid adhesion, which amplifies bonding of Ce/Fe-oxides 
with As and intensifies As(III) oxidation by raised Ce/
Mn reduction. Our findings regarding the freeze–thaw-
driven transformation of As offer a new perspective for 
understanding the migration and transformation of toxic 
elements in cold-region environments, such as high-lati-
tude and high-altitude areas.
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