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Abstract

Purpose This study aimed to address the urgent need for coastal saline-alkali soil remediation (critical for agricultural pro-
ductivity and ecosystem stability) by developing calcium-iron enhanced biochars and evaluating their reclamation efficacy,
focusing on structural optimization and salinity reduction mechanisms.

Materials and methods Three calcium-iron modified biochars (BC1, BC2, BC3) were synthesized. Their structural/chemi-
cal properties were characterized, followed by 60-day soil incubation with 0.5-2% biochar additions. Soil pH, electrical
conductivity, salinity, and sodium adsorption ratio (SAR) were measured, with response surface modeling to optimize BC1
application conditions.

Results and discussion BC1 showed 91.03% higher specific surface area and 58.78% larger pore volume (enriched with
C-0O, Fe-0O, Ca-O groups). At 70% moisture, BC1 significantly outperformed BC2/BC3 (P<0.05), reducing salinity by
52.21-71.01% and SAR by 78.51-96.43%. Optimal conditions (2% BC1, 60 days, 70% moisture) achieved 1.14 g/kg salin-
ity (consistent with experimental 1.11 g/kg) via ion exchange/coordination of Na*, Cl~, SO+*".

Conclusions Calcium-iron modified BC1 is an environmentally sustainable remediation solution, with structural enhancement
and ion adsorption mechanisms providing actionable insights for coastal saline-alkali soil reclamation in field applications.

Keywords Calcium-iron modified biochar - Coastal soil reclamation - Saline—alkali soil remediation - Response surface
design - Amelioration mechanism

1 Introduction

Soil salinization has emerged as a major global soil deg-
radation issue in recent decades. It currently affects
approximately 1 billion ha worldwide, which represents
approximately 7% of the total global land area and 20% of
all arable land (Zhang et al. 2020b). Owing to variations in
climatic conditions, the natural environment, and pedogenic
processes, saline-alkali soils exhibit considerable hetero-
geneity across different regional and national contexts. In
China, four primary saline-alkali soil types are recognized
based on their geographic distribution: coastal tidal zones,
Huang-Huai-Hai alluvial plain, northwestern desert/desert-
steppe regions, and northern grassland ecosystems (Yuan et
al. 2023). Among these, coastal saline-alkali soils, as a pre-
dominant saline soil type in China, are primarily distributed
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in Liaoning, Hebei, Tianjin, Jiangsu, and Shandong prov-
inces. These soils are characterized by elevated salt content
and chloride-type salinization (Zhang and Zhang 2020).Pro-
longed salinization disrupts the physicochemical structure,
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impairs microbial communities, and degrades the biologi-
cal properties of soils. Excessive salt accumulation in the
soil damages the cellular structures of crops and inhibits the
uptake of essential nutrient ions via osmotic and ionic stress,
thereby severely affecting crop growth and yield (Hailu and
Mehari 2021; Meena et al. 2022; Wang et al. 2023). Con-
sequently, the amendment of saline-alkali land is a critical
priority for sustainable agriculture.

Biochar has been widely investigated as a soil amend-
ment in recent years owing to its environmental friendli-
ness, cost-effectiveness, and widespread availability. It via
adsorption or exchange with Ca?* and Mg?" on its surface,
thereby mitigating soil salinity. Biochar, with its nutrient-
dense composition, can boost soil fertility by increasing
soil organic carbon, total nitrogen, available phosphorus,
and available potassium levels, thereby effectively promot-
ing plant growth (Cui et al. 2021; Gao et al. 2024). Despite
these advantages, unmodified biochar’s drawbacks neces-
sitate targeted modifications. Various modification strate-
gies have been explored to optimize the physicochemical
properties of biochar and enhance its remediation efficacy
in alleviating saline-alkali soil. For instance, acid-modi-
fied biochar can enhance the cation exchange capacity by
decreasing its pH and enlarging the specific surface area,
thereby reducing soil soluble salt content (Sadegh-Zadeh et
al. 2018). However, its long-term stability in soil application
is compromised by degradation or decomposition (Sahin et
al. 2017). Ethanol-modified biochar exhibits an improved
Na* adsorption capacity; however, it faces application chal-
lenges linked to high production costs, complex process-
ing, and limited long-term stability (Medynska-Juraszek
et al. 2021). Red phosphorus-loaded biochar enhances the
specific surface area and reduces the electrical conductivity
(EC), salt content, and pH of coastal saline-alkali soil. Nev-
ertheless, it is prone to red phosphorus oxidation and lacks
stability (Zhang et al. 2022).

Given the limitations of these approaches, metal modi-
fication has emerged as a promising material optimization
strategy in saline-alkali land remediation owing to its supe-
rior structural stability and adsorption performance. It is
primarily used to regulate the soil pH, reduce salinity, and
enhance the soil structure. Currently, biochar modified with
magnesium oxide, gypsum, aluminum oxides, iron oxides,
and calcium oxides can reduce soil pH, EC, and salt content
by 1-2%, 28-67%, and 30-65%, respectively (Shan et al.
2022; Wang et al. 2024a). Among these, iron- and calcium-
modified biochar offer unique advantages in saline-alkali
soil remediation because of their low cost, environmental
safety, and effective amelioration performance. Iron-based
biochar and calcium-based biochar can reduce soil salin-
ity, pH value and SAR, but their application is limited by
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unstable iron redox and calcium ion leaching (Chen et al.
2024; Wang et al. 2023; Xu et al. 2023; Zhang et al. 2024a).
Calcium-iron composite-modified biochar exhibits better
remediation performance than single-modified biochar, with
proven effectiveness in related fields such as wastewater
treatment and heavy-metal-contaminated soil remediation
(Ou et al. 2023; Zhou et al. 2025), though its application
and mechanistic research in saline-alkali soil remediation
remain insufficient. Most existing studies on saline-alkali
soil remediation focus on single-modified biochar with
inadequate exploration of dual-metal composite biochar,
rarely targeting coastal chloride-type saline-alkali soils with
high Na* and CI™ contents (Wang et al. 2024b). Moreover,
research on key application parameters (e.g., biochar dos-
age, soil water content), remediation mechanism, and cost-
effectiveness has not received adequate attention (Campion
et al. 2023).

Response surface methodology (RSM) is a multivari-
ate optimization technique that primarily analyzes the
relationships between process parameters using statistical
and mathematical models, thereby enabling process opti-
mization with minimal experimental trials(Behera et al.
2018). For instance, a four-factor optimization model for
urea-phosphate-potassium (UPK) synthesis—incorporat-
ing temperature, KCl ratio, reaction time, and phosphoric
acid concentration—demonstrated high reliability, with
predicted and actual yields closely aligned (69.8% versus
67.58+1.25%) (Yang et al. 2020). In agricultural produc-
tion, RSM has been employed to construct a multi-factor
synergistic optimization model for irrigation volume, nitro-
gen fertilization rate, and substrate addition rate, thereby
providing a scientific basis for water fertilizer management
in corn cultivation (Emran et al. 2024). It has also been
applied to optimize tartaric acid-mediated soil remediation,
ultimately removing 89.35% of the zinc contamination. The
method shows considerable promise for the remediation
of heavy metal contamination in soil (Alman-Abad et al.
2020).

In this study, we employed RSM to optimize key
parameters for materials used to amend saline-alkali
soils. Specifically, we aimed to identify optimal experi-
mental conditions, reduce testing duration, enhance reme-
diation efficacy, and promote the practical application of
these materials. We prepared CaFe-BC and investigated
their remediation efficacy and underlying mechanisms in
coastal saline-alkali soil by integrating RSM with com-
prehensive material characterization. The main research
objectives were as follows: (1) CaFe-BC materials with
varying Fe and Ca loadings were synthesized. Subse-
quently, the influence of different modification techniques
on the biochar structures was explored by analyzing the
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microstructural features, chemical compositions, and
properties of the loaded elements. (2) A soil cultivation
experiment was conducted to assess the effectiveness of
CaFe-BC for remediating soil salinity. This included eval-
uating its effect on the overall salt content of the soil and
eight specific salt ions (Na®, Mg?*, Ca*', K*, C1", HCOj;,
CO0,%, and SO,*). RSM was employed to identify the
critical factors and optimize the remediation conditions.
(3) Fourier-transform infrared spectroscopy (FTIR) and
X-ray photoelectron spectroscopy (XPS) were used to
characterize CaFe-BC before and after soil cultivation.
These analyses attempted to elucidate the microscale
reaction mechanisms between CaFe-BC and salt ions and
provide insights into the interaction of the material with
the soil environment. These findings provide scientific
justification and technical support for the remediation of
saline—alkali soils and promotion of sustainable agricul-
tural development.

2 Materials and methods
2.1 Test soil and reagents

Soil samples were collected from a 0-20 cm farmland stra-
tum in Xiaowangzhuang Town, Binhai New Area, Tianjin.
Following collection, the soil was subjected to natural air
drying and passed through a 2-mm sieve prior to experimen-
tation. The soil attributes were as follows: pH (8.13+0.05),
EC (3,470.00+£19.29) puS/cm, and organic matter content
(7.45+0.28 g/kg). The water-soluble cation contents were
as follows: K* (0.035+0.005 g/kg), Na™ (1.310£0.025 g/
kg), Ca*" (0.585+0.008 g/kg), Mg* (0.386+0.007 g/kg).
The water-soluble anion concentrations were as follows:
HCO, (0.150+0.010 g/kg), Cl~ (0.900+0.021 g/kg), SO
(0.465+0.015 g/kg). The total water-soluble salt content
was 3.83+0.04 g/kg.

The modification utilized analytical-grade reagents,
including Fe(NOs)s, CaSO4-2 H20, and HCI, all sourced
from Jiangtian Chemical Co., Ltd (China).

2.2 Preparation of biochar and calcium-iron
composite-modified Biochar

2.2.1 Biomass

The corn stover biomass was sequentially cleaned with
municipal tap water and purified deionized water, with each
procedure performed in triplicate. Subsequent processing
involved dehydration at 80 °C in a drying oven, mechanical
pulverization with an electric mill, and particle size stan-
dardization via 60-mesh sieving.

2.2.2 Biochar

A 10.00 g aliquot of preprocessed corn stover was subjected
to controlled pyrolysis in a quartz tube reactor. Continuous
N: flow was maintained while the temperature increased at
arate of 5 °C per min until it reached 350 °C. This was fol-
lowed by a 120-min isothermal retention period to produce
the base biochar material (BC).

2.2.3 Calcium-iron composite-modified biochar

Iron(III)-containing modification reagents can improve bio-
char structure and enhance its catalytic activity by reduc-
ing reaction energy barriers, promoting electron transfer,
optimizing pore structure, and providing adsorption active
sites (Zeng et al. 2022). And CaSO,-modified biochar could
reduce soil salinity through the exchange reaction between
loaded Ca*" and Na" (Zhang et al. 2025). Therefore, Fe-Ca
composite biochar was prepared in this study to investigate
its structural characteristics and performance in saline-alkali
land remediation.

Fe(NOs); and CaSO+-2 H:O were precisely weighed
according to predefined mass ratios, dissolved in 500 mL
of deionized water, and mixed with biomass at specified
ratios. The mixture was continuously stirred until it reached
a homogeneous state, followed by a pH adjustment to
3.00£0.05 using 1 mol/L hydrochloric acid (Dalahmeh et
al. 2020). The homogeneous suspension was subjected to
ultrasonic treatment (25 °C, 2 h), followed by mechanical
agitation with a six-position magnetic stirrer (300 rpm, 2 h).
The resulting solids were collected through vacuum filtra-
tion and dehydrated at 80 °C. The subsequent pyrolysis in
a tubular reactor was conducted with temperature program-
ming (at a ramp rate of 5 °C/min to 350 °C) followed by a
120-min isothermal period, resulting in the formation of the
CaFe-BC. The mass ratios of Fe to Ca to biomass were set as
0.25:0.5:10, 0. 5:0.5:10, and 0.75:0.5:10, respectively. The
calcium-iron composite modified biochar prepared under
these conditions were designated as BC1, BC2, and BC3.

2.3 Soil static cultivation experiment

A total of 200 g of the test saline-alkali soil was precisely
weighed. Amendments BC, BC1, BC2, and BC3 were incor-
porated into the soil at mass ratios of 0.5%, 1%, and 2%,
respectively, and thoroughly mixed. A blank control group
(CK) was also established without the addition of any bio-
char. The homogenized soil was transferred to polyethylene
bottles (8.5 cm diameter x 14 cm depth) for static cultiva-
tion experiments, with three field moisture-holding capac-
ity levels (70%, 50%, and 30%) established to simulate soil
improvement under different water management scenarios.
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Each treatment was conducted in triplicate. Soil sampling
for parameter measurements was conducted on days 10, 30,
and 60 of the incubation period.

2.4 Response surface experiment

RSM was utilized to examine the effects of three factors—
field water-holding capacity, biochar addition ratio, and soil
incubation time—on total soil salinity. A three-factor, three-
level experimental design was formulated using Design
Expert 12.0 software, adhering to the Box-Behnken design
(BBD) principle, with soil salinity reduction as the response
variable. The details of the experimental design are pre-
sented in Tables S1 and S2 in the Appendix.

2.5 Batch adsorption experiment

A mixed solution was prepared to contain Na* (500 mg/L),
Ca?" (200 mg/L), Mg* (100 mg/L), K* (100 mg/L) CI-
(300 mg/L), SO+* (150 mg/L), and HCOs~ (50 mg/L). The
pH was adjusted to 8.00 using HCI to mimic the key char-
acteristics of coastal surface irrigation water. Subsequently,
100 mL of this solution was transferred to a conical flask,
and 1.0000 g of BC, BC1, BC2, and BC3 was added indi-
vidually. The flasks were incubated in a constant-temper-
ature shaker at 25 °C for 24 h. Following incubation, the
supernatant was collected to analyze the salt ion concentra-
tion in the water.

2.6 Characterization and detection methods

The elemental composition of the biochar, including
organic carbon, hydrogen, nitrogen, and oxygen, was mea-
sured using an elemental analyzer (EA, UNICUBE, Ger-
many) (Wu et al. 2022). The ash content was determined
using the mass difference method following combustion at
750 °C for 2 h (Jabeen et al. 2020). The porous charac-
teristics of the biochar materials, including their specific
surface areas and pore size distributions, were determined
by nitrogen physisorption measurements conducted with
an automated surface area analyzer (BSD-660 M A6B6M,
China) (Huang et al. 2022). The morphological structure
and surface features of the biochar were analyzed using
scanning electron microscopy (SEM; XL30E, FEI, USA).
FTIR (TENSOR27, Germany) was used to characterize the
surface functional groups of the biochar (Das et al. 2021).
X-ray photoelectron spectroscopy (XPS; Thermo Scientific
ESCALAB 250XI, USA) was used to analyze the surface
elemental composition and functional groups. The crystal
structure of the biochar was investigated using XRD (Shi-
madzu, Japan). The crystal particle size was calculated
using the Scherrer formula. The detailed characterization
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methods and calculation methods are outlined in Text S1
of the Appendix.

The pH values of the soil and biochar were determined
using a pH meter (PHS-2 C, Mettler-Toledo Instrument Co.,
Ltd.) at a soil-to-water ratio of 1:5. Soil EC was measured
by preparing a 1:5 soil-water extraction solution, thor-
oughly shaking it to reach equilibrium, and measuring the
value using a calibrated digital conductivity meter (DDS-
11 A, Shanghai Yidi Scientific Instrument Co., Ltd., China).
The residue-drying method was used to quantify the water-
soluble total salt content of the soil. The soil organic matter
content was measured using potassium dichromate oxida-
tion via the heating method (Osman et al. 2013). Soil water-
soluble ions (K*, Na*, Ca*, Mg?", SO+, and CI") were
analyzed using an ion chromatograph (PIC-10, Qingdao
Purun Instrument Co., Ltd.), while COs*" and HCOs~ were
quantified via the double indicator neutralization titration
method (Yu-yan et al. 2020). The SAR, a critical parameter
reflecting the exchange capacity of sodium ions with cal-
cium and magnesium ions in the soil, was calculated using
the following formula (Qadir et al. 2021):

(Ca? + Mg?t)

5 (M

SAR = Nat/

The concentrations of Na*, Ca*", Mg?*, and K" in the aque-
ous solution were determined using an ion chromatograph
(PIC-10, Qingdao Purun Instrument Co., Ltd., China). The
adsorption capacity (Q, mg/g) and removal efficiency (R,
%) of the materials for these ions were calculated using
Egs. (2) and (3):

V(Cy—-C
g=-) @
G-
R= =0t 100% 3)

where Co (mg/L) is the initial concentrations of Na*, Ca?,
Mg?, and K" in the solution; C: (mg/L) is their concentra-
tions post-adsorption; V (L) is the solution volume; and m
(g) is the mass of the material.

2.7 Statistical analysis methods

Data processing and analysis were conducted using Excel
2010, and graphing was performed with Origin 2021. One-
way ANOVA was applied via SPSS 23.0 to evaluate sig-
nificant differences, with statistical significance defined
as P<0.05; multiple comparisons were further carried out
using Tukey’s HSD test. All experiments and measurements
were performed in triplicate.
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3 Results and discussion

3.1 Structural characteristics of biochar and
calcium-iron composite-modified biochar

3.1.1 Physicochemical characteristics of biochar

The surface morphologies of the BC and CaFe-BCs are
illustrated in Fig. 1. After pyrolysis, BC retained a tubular
structure similar to that of straw, featuring a smooth sur-
face and an abundant porous architecture. BC1, BC2, and
BC3 maintained their original bundle-like structures while
exhibiting distinct surface porosities characterized by
rough and wrinkled textures. Specific surface area analy-
sis (detailed in Table 1) revealed that the specific surface
areas of BC1, BC2, and BC3 were 10.14-fold, 8.19-fold,
and 8.77-fold higher than that of BC, respectively. Concur-
rently, their pore volumes increased by 1.43-fold, 0.28-fold,
and 0.54-fold relative to that of BC, respectively (Wang
et al. 2024c). As shown in Table 1, the predominant ele-
ment in both the BC and modified biochar was carbon, with
concentrations ranging from 50.14% to 65.51%. Compared
with BC, the carbon content of the three modified samples
(BC1, BC2, and BC3) decreased, whereas the oxygen con-
tent increased. Notably, BC1 displayed the highest oxygen
content (15.46%), indicating that the calcium-iron modifica-
tion facilitated the development of oxygen-containing func-
tional groups. This enhancement contributed to its improved
hydrophilicity and polarity (Wang et al. 2015). Furthermore,
the iron content in BC1, BC2, and BC3 ranged from 1.98%

Fig. 1 Scanning Electron Micro-
scope images of Biochar (a),
Calcium-iron modified biochar
(Fe: Ca: biomass mass ratio

0f 0.25:0.5:10) (b), Calcium-
iron modified biochar (Fe: Ca:
biomass mass ratio of 0.5:0.5:10)
(¢), Calcium-iron modified bio-
char (Fe: Ca: biomass mass ratio
0f 0.75:0.5:10) (d)

to 5.02%, while the calcium content ranged from 8.90% to
10.35%. These results confirmed the successful loading of
iron and calcium onto the biochar surface. The elemental
contents varied among materials owing to different calcium-
iron modification reagent ratios, with BC3 exhibiting the
highest iron content (5.02%) and BC1 showing the highest
calcium content (10.35%).

3.1.2 XRD analysis

XRD was employed to characterize the effect of modifi-
cation on the crystal structure of the biochar. For the raw
biochar (BC) shown in Fig. 2(a), distinct diffraction peaks
were observed at 26=36° and 43.3°. These peaks corre-
sponded to carbon diffraction patterns, signifying the pres-
ence of graphitic carbon in the biochar (Qin et al. 2022). In
the modified biochars (BC1, BC2, and BC3), peaks at 34.1°
and 45.5° corresponded to Fe.Os diffraction patterns (Mur-
phin Kumar et al. 2021), while the 35.5° peak was associ-
ated with FesO4 (Yoon et al. 2017), thereby confirming the
reaction of iron with biochar during modification to produce
iron oxide crystals. All modified samples displayed distinct
peaks at 26=29.6° and 55.8°, which were attributed to the
(104) plane of CaCOs (calcite) (Hussein et al. 2020), thereby
indicating the presence of calcium as CaCOs on the biochar
surface. Notably, the modified biochars exhibited additional
peaks at 260=20.9°, 26.6°, 36.5°, 39.5°, and 42.4°, corre-
sponding to the (220), (130), (121), (420), and (321) planes
of CaFe.04 (Xiang et al. 2024b), respectively, indicating the
presence of CaFe:Oa. These findings align with those of Xin

@ Springer



54 Page 6 of 19 Journal of Soils and Sediments (2026) 26:54

R § et al.(Xiang et al. 2024b), who reported CaFe.O4 formation
3: 9 g < & S g - 5 S following modification with Fe(NOs)s and CaCl.. Calcula-
s o o = tions using the Scherrer formula (Table S3) demonstrate its
5 o 2 |x S eSS w248 precision for quantitative analysis of biochar crystal particle
<EE |EFSFTETAT size. As the iron-to-calcium loading ratio increases, the par-
= ticle sizes of Fe20s, FesOa, and CaFe:O4 crystals exhibited a
2 g decreasing trend: In BC3, the Fes;Oa particle size (25.3 nm)
[} .
Ee® |a=d H=47 decreased by 11.5% compared to BC1 (28.6 nm), while the
§ <% |383 3838 CaFe:Qu particle size (24.1 nm) decreased by 9.9% com-
T |ee s e<e<e- pared to BC1 (26.8 nm). This may result from the high Fe
s BElis e s o § loading promoting crystal nucleation rates exceeding growth
tL22E[s8283883 rates, leading to finer microcrystals—a pattern previously
S 283|333 33 3T . . . . .
confirmed in studies of Fe/Ca composite oxide-modified
L RElpoHsHo 4o biochar(Hu et al. 2024). Meanwhile, CaCOs exhibited the
I = A —~ = 0 — . . . .
§> g2 elegs83838 smallest particle size (20.8 nm) in BC3, likely due to excess
RrTee e e e Fe** inhibiting CaCO:s crystal aggregation, consistent with
m@ findings on Fe ion regulation of calcium carbonate crystal-
v & o e o o lization behavior (Liu et al. 2025). However, as indicated
ST . . . .
&2 S _2.3.8 by the adsorption experiments discussed, BC1 exhibits
3 5 T2 028383 . ‘
& 2SS =S 2SSS superior overall adsorption performance compared to BC3
_ due to the synergistic effect of its optimal pore structure and
2 o(\éo O 6 S D D crystal distribution.
E o S 20 > 2o
255 [fSgignad
G285 |ZEFSHSH = 3.1.3 FTIR analysis
=t s o o Asillustrated in Fig. 2(b), the FTIR spectra characterized the
o} n = el ha) . .
< § @ S 2= 83 functional group features of the four types of biochar. The
oo i four biochar samples (BC, BC1, BC2, and BC3) displayed
& absorption peaks at 3450 cm™, 2925 cm™!, 1543 cm!,
E 2 2 & 1071 em™, and 788 cm™, respectively. These peaks were
o g °§ &5 85 attributed to -OH, -CHs, -C=C/C=0, C-O-C, and -CH
° ' - vibrations, respectively (Ahmed et al. 2016). Compared to
g g BC, BC1, BC2, and BC3 exhibited significantly enhanced
E £ © g 7 . g © S C-O-C and -OH peaks, indicating that the metal composite
= pal . . . .
3l= § hl AN A AR modification increased the number of oxygenated functional
£ _ groups in the material (Wu et al. 2020). The -OH peak was
8 S the strongest in BC1. Additionally, Fe-O and Ca-O vibra-
= < < < < . .
g g,: NI e tional peaks were observed at 570 and 698 cm™ in the three
Elo 8 TTLTXT ST modified biochars (Dumitru et al. 2013; Jung KyungWon
8 ~ et al. 2016), thereby confirming the successful incorpora-
5; % s o o o tion of Fe and Ca into the biochar structure (di Bitonto et
Bl £ @ 'g z § % § ) i al. 2020). Quantitative analysis of FTIR characteristic peak
Fa T S A H—=H—H A areas (Table S4) reveals that calcium-iron modification
= < significantly increases the surface oxygen-containing func-
3 %’ §.8 _g_828 tional groups and metal-oxygen bond peak areas of biochar:
£ % E S E S 5 = E = the -OH peak area (2154) in BC1 increased by 67.5% com-
g © o o H oo e A H pared to the original BC (1286), while the C-O-C peak area
g S § g = (1863) in BCI increased by 95.7% compared to BC (952).
= ST e < o c e g . . .
§ T I dqEeg g This indicates that the modification promotes the formation
é‘ of oxygen-containing functional groups such as hydroxyl
- E 5 and ether bonds by introducing Fe and Ca elements, thereby
% é@ o O 98 8 enhancing the material’s hydrophilicity and ion-binding
] S R A A& A
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Fig. 2 X-ray Diffraction and Fourier Transform Infrared Spectroscopy patterns of biochar and modified biochar, (a) XRD, (b) FTIR

capacity (Hu et al. 2024). Regarding metal-oxygen bonds,
the Fe-O peak area (896) in BCI increased by 37.4% and
14.1% compared to BC2 (652) and BC3 (785), respec-
tively. The Ca-O peak area (752) increased by 27.7% and
10.9% compared to BC2 (589) and BC3 (678) by 27.7%
and 10.9%, respectively. This correlates with BC1’s highest
Ca loading (10.35%, Table 1), further validating successful
Ca and Fe loading and confirming BC1 possesses the richest
metal-oxygen active sites on its surface.

3.1.4 XPS analysis

In the Cls spectrum presented in Fig. 3(a), the central peaks
at 284.80 eV, 286.32 eV, and 288.34 eV were assigned to
the C-C, C-O, and C=0 bonds, respectively (Yao 2024).
In contrast to BC, the C-O content in BC1, BC2, and BC3
increased from 18.12% to 23.35%, 21.19%, and 22.07%,
respectively, whereas the C=0 content increased from
10.57% to 14.62%, 13.77%, and 13.31%, respectively. This
finding suggests that the CaFe-BC modification altered the
distribution of the oxygen-containing functional groups
in the biochar (Zhuo et al. 2022). In the Ols spectrum
(Fig. 3(b), the three peaks in biochar and modified biochar
corresponded to metal-oxygen functional groups (M-O),
surface-anchored metal hydroxide groups (M-OH), and
carbon-bonded hydroxyl groups (C-OH) in biochar(Liang
et al. 2017). Compared to BC, BC1, BC2, and BC3 showed
increased M-O and M-OH contents and decreased C-OH
content due to the introduction of additional reagents dur-
ing modification (Chen et al. 2021). In the Fe 2p spec-
trum (Fig. 3(c), the Fe 2p3/2 and Fe 2p1/2 components
were detected at 710.90 eV and 726.80 ¢V in BC1, BC2,
and BC3, signifying the presence of iron in both Fe(I)
and Fe(Ill) valence states (Xiang et al. 2024a). Quantita-
tive analysis revealed Fe(II) contents of 35.28%, 37.32%,
and 39.59% and Fe(IIl) contents of 38.55%, 39.17%, and
39.28% in BC1, BC2, and BC3, respectively, thereby cor-
roborating the XRD characterization results of Fe.Os; and

Fes;0a. In the Ca 2p spectrum (Fig. 3(d), peaks at 347.73 eV
and 351.59 eV in the modified samples corresponded to Ca
2p3/2 and Ca 2p1/2 of Ca-0, likely resulting from calcium
ion-hydroxyl radical complex formation during pyrolysis
(Pan et al. 2024). The relative Ca-O bonds in BC1, BC2, and
BC3 were considerably higher the Ca-O-C bonds, primarily
because of high-temperature conditions that disrupted Ca-
O-C bonds, releasing free Ca*" ions to interact with oxygen
radicals and increased Ca-O bond content (Liu et al. 2022).

3.2 Influence of biochar and calcium-iron
composite-modified biochar on soil physicochemical
properties

3.2.1 Impact of biochar versus calcium-iron composite-
modified biochar on soil pH values

The effects of adding BC and modified biochar (BC1, BC2,
and BC3) on soil pH are presented in Fig. 4(a). On cultiva-
tion days 10, 30, and 60, the soil pH in the modified biochar
treatments decreased significantly, with a continuous down-
ward trend as the cultivation period increased. By day 60,
soil pH values in the BC, BCI1, BC2, and BC3 treatments
decreased to 7.53-7.74, 7.23-7.61, 7.41-7.72, and 7.36—
7.63, respectively—representing 1.40-3.21% decreases
from day 10 (P<0.05). At field moisture contents of 30%,
50%, and 70%, the soil pH further decreased with increas-
ing moisture, with the most notable decrease (1.16-7.07%
reduction) observed at 70% moisture. Among the treatments,
BC1 exhibited the greatest pH-reducing effect by day 60 at
70% moisture, reducing the soil pH to 7.47, 7.33, and 7.23
at addition rates of 0.5%, 1%, and 2%, respectively. This
was 2.86-3.98% lower than that of BC (P<0.05). This indi-
cates that BC1 had the strongest neutralizing effect on soil
pH at elevated moisture levels and application rates.

All biochar treatments (BC, BC1, BC2, and BC3) showed
the ability to decrease soil pH. Among them, BC1, BC2,
and BC3 demonstrated considerable alkalinity reduction,
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Fig. 3 X-ray Photoelectron Spectroscopy spectra of biochar and modified biochar, (a) Cls, (b) Ols, (¢) Fe2p, (d) Ca2p

resulting from two mechanisms: (1) The pH of the three
modified biochars ranged from 5.25 to 5.64. When applied
to the soil, the soil pH was lowered via acid-base neutral-
ization. BC1 (pH 5.25), exhibiting a pH lower than that of
BC2 (5.64) and BC3 (5.50), effectively neutralized the soil
hydroxide ions, causing a marked decrease in pH(Zhang
et al. 2020a). (2) Ca?" loaded on BC1-BC3 underwent ion
exchange with soil Na*, reducing sodium salts (e.g., NaCl,
Na2S0.) and generating calcium salts (e.g., CaClz, CaSOa4)
with weaker alkalinity, thereby mitigating sodium-induced
alkalinity (Zhao et al. 2018). BC1 showed the most pro-
nounced pH-lowering effect, likely due to its high calcium
content (10.35%).

3.2.2 Impact of biochar and calcium-iron composite-
modified biochar on soil electrical conductivity

Figure 4(b) illustrates that the BC and modified biochars
(BC1, BC2, and BC3) substantially influenced soil EC. As
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cultivation time increased, soil EC values across all treatment
groups decreased, reaching their lowest levels by day 60,
with reduction rates of 56.35-75.98% (BC), 62.55-88.17%
(BC1), 58.04-81.85% (BC2), and 60.60-81.41.60.41%
(BC3) (P<0.05). At field moisture contents of 30%, 50%,
and 70%, soil EC further decreased with increasing mois-
ture and reached its minimum at 70% (reduction rates of
12.25-87.14%), thereby indicating that higher moisture
enhances the salinity improvement efficiency of the mate-
rials. By day 60, at 70% moisture and a 2% application
rate, BC1 reduced soil EC by 88.17% (P<0.05), outper-
forming previously reported amendments(Table SS5), such
as lithium slag (60.53%)(Zhang et al. 2024b), vinegar resi-
due (60.83%)(Zhao et al. 2020b), sludge (55.83%)(Zhao et
al. 2020b), and earthworm compost (50.03%). This superi-
ority stems from the following: (1) The larger specific sur-
face area (129.16 m?/g) and more abundant pores of BCl
provided more active sites for soil improvement (Saiful-
lah et al. 2018); (2) Adequate moisture facilitated salt ion



Journal of Soils and Sediments (2026) 26:54 Page90of19 54
I BC BC I BC
a [Bcl EHCI [ BCI
3 BC2 [ BC2 [ BC2
8o+ N, a 3 B BC3 . . . B BC3 N BC3
bel et b be g o 4 a i
H d K ? b ¢ 0o @ ¢ o d d a e
de * @ bebd of [ o b ¢ X b I
by & M o g d r f
[ de | - c ot df 3
E I H < S cde
(=9 © T f h © g
8| jd
7.5 o | wii
d| g
]
7.0 4
cKo.5%[ 1% | 2% [cKo.5%[ 19% | 2% [cKlo.5%| 1% | 2% [cklo.s%| 19 | 2% [ckosv| 19 [ 2% Jefo.s%| 196 | 29% [ckosv| 19 [ 2% Jefo.s%] 196 | 2% Jexo.so| 19 | 2%
30% 50% 70% 30% [ 50% [ 70% 30% 50% 70%

water content(%)

(b) .,

10d

30d

60d

EC(uS/cm)

I BC

8 BC

water content(%)

(©) 10d 30d 60d
404
ap BC I BC I BC
a . 5 Boi | @ [ BCl [ 1BC1
~ 354 Blae I BC2 a 3 [ BC2f 2 I BC2
2 ch X ,  EE o . s EEsG ) , EE
== (i""cd dge be de . [ :
o c e k
< 304 i 5T i " .
= e [e] e i f b|fe
=i f -
2 s § i b
=} d c
&) cf i b
[&]
- 204 2
—
“ iR (€
2] i
154 o
104
cklo.5%[ 19 | 2% Jek]o.so] 19 [ 20 Jeko.sv] 19 [ 2% [ckfo.sv] 19 | 20 [eklo.so| 196 [ 2% Jexlosv| 19 | 20
30% 50% | 70% 30% | 50% | 70%

water content(%o)

Fig. 4 Effects of adding 0.5%, 1%, and 2% biochar and modified biochar on soil pH (a), electrical conductivity (b), and salinity (¢) under field
moisture content conditions of 30%, 50%, and 70%

@ Springer



54 Page 10 of 19

Journal of Soils and Sediments (2026) 26:54

migration and enhanced mass transfer between ions and the
amendment (Zhao et al. 2019).

3.3 Impact of biochar and calcium-iron composite-
modified biochar on soil salinity

The effects of the BC and modified biochars (BC1, BC2, and
BC3) on soil salinity amelioration are shown in Fig. 4(¢c). On
cultivation days 10, 30, and 60, soil salinity in the modified
biochar treatments decreased significantly, and the reduction
became more pronounced over time. By day 60, soil salin-
ity in the BC, BC1, BC2, and BC3 treatments decreased by
20.26-53.95%, 28.42-71.01%, 23.68—60.00.68.00%, and
25.53-62.63%, respectively. These reductions were 1.37—
5.70% greater than those observed on day 10 (P<0.05). At
field moisture contents of 30%, 50%, and 70%, soil salin-
ity further decreased with increasing moisture, peaking at
70% moisture (53.95-71.01% reduction). At 70% moisture
and 60-day cultivation, the 2% BC1 application reduced soil
salinity to 1.11 g/kg, which represented a 71.01% decrease
from that of the CK group (P<0.05), thereby demonstrat-
ing the optimal salinity amelioration of BC1 under high
moisture and application rates. The decreases in soil salinity
caused by BC1, BC2, and BC3 can be attributed to the pres-
ence of abundant oxygen-containing functional groups and
well-developed pore structures, which promote the adsorp-
tion of soluble cations, such as Na*. These findings align
with those reported by Wei et al. (Zhao et al. 2020a), who
reported a decrease in soil pH and salinity when corn straw
biochar was used (Table S5). The 71.01% salinity reduction
of BC1 outperformed cow manure/chicken manure-gypsum
(48.70%) (Andrade Foronda and Colinet 2022), humic acid
(45.18%)(Zhao et al. 2025), and fly ash (38.95%) (Zhou et
al. 2024) (Table S5), thereby highlighting its superior poten-
tial for saline-alkali soil remediation.

3.4 Impact of Biochar versus calcium-iron
composite-modified Biochar on water-soluble base
ion content

Figure 5(a)-(g) illustrates the effects of the BC and modi-
fied biochars on soil water-soluble ions. In the 3D visual-
ization, the x- and y-axes denote the moisture content and
cultivation time, respectively, while the z-axis represents
variations in soil water-soluble ion concentrations. Colored
spheres, sized according to ion content, depict various treat-
ment groups. As shown, all treatments effectively decreased
soil Na*, Cl, and SO+* concentrations while increasing
soil Ca?", Mg*', and K" levels. After 60 days, BC1 showed
optimal performance: under 70% moisture, Treatment with
2% BCI1 significantly reduced the contents of Na*, CI-,
and SO+* in the soil by 98.18%, 97.77%, and 97.55%,
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respectively, compared with CK (P<0.05), while increas-
ing Ca*, Mg*, and K* by 29.42%, 15.54%, and 69.57%
(P<0.05), respectively. This can be attributed to the coor-
dination of the surface oxygen-containing groups (-COOH,
-OH) of BC with Na* and the absorption of anions via elec-
trostatic interactions, thereby decreasing Na*, Cl-, and SO+*
concentrations (Sanchez et al. 2022).

Figure 5(h) illustrates the effect of the BC and modi-
fied biochars on the soil SAR after 60 days of soil culti-
vation under different field moisture contents. SAR values
decreased in soils treated with BC, BC1, BC2, and BC3.
At 70% field moisture content, the SAR values in the BC,
BCl1, BC2, and BC3 treatments decreased by 78.51-96.43%
relative to 30% moisture. Among them, 2% BC1 application
decreased the soil SAR to a minimum of 0.02. Wei et al (Wu
et al. 2024). reported similar findings, with a decrease in
the SAR following straw biochar application. The reduction
in soil SAR by CaFe-BC can be attributed to ion exchange
between divalent cations (Ca?*, Mg?") on biochar surfaces
and Na' in soil colloids, thereby reducing Na* adsorbed
on colloid surfaces(Tsai et al. 2012). BC1 had the highest
specific surface area and abundant oxygen-containing func-
tional groups, thereby demonstrating a more pronounced
SAR reduction effect.

3.5 Adsorption of salt ions in water by Biochar and
calcium-iron composite-modified biochar

To elucidate the intrinsic mechanisms by which materials
reduce soil salinity, this study systematically investigated
the adsorption performance of biochar and modified biochar
toward cations (Na*, Ca?*, Mg?*, K*) and anions (Cl-, SO.*,
HCO:s") in aqueous solutions. The adsorption results for rel-
evant ions are shown in Fig. 6(a)-(b) and Fig. S2., respec-
tively. All three modified biochar materials effectively
adsorbed the aforementioned ions, though their adsorption
capacities exhibited significant differences. BC1 adsorbed
Na'*, Mg*, Ca*, and K* at concentrations of 65.42 mg/g,
35.19 mg/g, 45.12 mg/g, and 21.13 mg/g, respectively. For
anions, the adsorption capacities were 58.26 mg/g for CI,
42.35 mg/g for SO+, and 18.79 mg/g for HCOs™. Overall,
BC1 demonstrated significantly superior adsorption per-
formance compared to BC2 and BC3. This advantage of
BCl is primarily attributed to its larger specific surface area
(129.16 m*g) and abundant oxygen-containing functional
groups (-OH. C-O-C). These structural characteristics pro-
vide more sites for ion adsorption and enable BC1 to exhibit
distinct selective adsorption properties toward target ions.
In multi-ion coexisting systems, it preferentially adsorbs
Na* and CI", with BC1 demonstrating the most outstand-
ing adsorption performance for Na* among all target ions
(Fig. 6(a). This phenomenon is primarily attributed to Na*’s
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lower hydration energy (—406 kJ/mol), faster migration rate,
specific binding affinity with oxygen-containing functional
groups, and smaller ionic radius (0.095 nm). These proper-
ties facilitate easier entry into the biochar’s pore structure
for adsorption and immobilization(Tu et al. 2021).

3.6 Response surface experiment

The effects of three factors—field water-holding capacity,
biochar amendment rate, and soil incubation time—on total
soil salinity were examined using Design Expert 13 soft-
ware (Table 2). The experimental data were analyzed via
quadratic multiple regression to derive the quadratic regres-
sion equation, as shown in Eq. (4):

Y = 1.98 — 0.11744 — 0.3352B — 0.2434C
~0.024AB + 0.0075AC — 0.0461BC )
+0.5020A2 + 0.110952 + 0.0878C>

where, A, B, C, and Y are the moisture content (%), cultiva-
tion time (d), biochar proportion (%), and salt content (g/
kg), respectively.

As illustrated in Table 2, the ANOVA showed that the
response surface regression model was highly significant
(P<0.0001), validating its accuracy in predicting the exper-
imental data (Fig. 7(a)). The model presented a coefficient
of determination (R?) of 0.99, an adjusted coefficient of
determination (Adj R?) of 0.98, and a predicted coefficient
of determination (Pred R?) of 0.95, underscoring superior
reliability and predictive competence. Factors B, C, and
A? exhibited extremely significant effects (P<0.0001) on
soil salinity, while A, B2, and C? had significant effects
(P<0.05). Based on the F-values, the order of factors influ-
encing soil salinity was cultivation time>biochar applica-
tion rate>moisture content.

The response surface plots derived from the quadratic
regression model enabled an intuitive analysis of the influ-
ences of different factors on soil salinity. When one vari-
able is fixed, the interaction between the other two factors is
reflected in the slope of the response surface and density of
the contour lines; steeper slopes and denser contours indi-
cate more pronounced effects. As shown in Fig. 7(b)—(d),
an interaction exists between the cultivation time, biochar
application rate, and soil salinity. The model predicted the
minimum soil salinity of 1.14 g/kg at 70% moisture content
after 60 days of cultivation, with a 2% biochar application.
Under these conditions, the measured soil salinity in the
cultivation experiment was 1.11 g/kg, with a deviation of
2.63%, demonstrating the high predictive accuracy of the
model.

3.7 Mechanistic analysis of calcium-iron composite-
modified Biochar for saline-alkali soil improvement

Following soil amelioration, the BC and modified biochars
were isolated from the soil, and structural characterization
was performed to explore the mechanisms underlying soil
salinity reduction. As shown in Fig. 8(a), the FTIR spec-
tra indicated that the composition of functional groups in
the modified biochar remained largely consistent before
and after soil amelioration despite significant variations
in the intensity of the vibration peaks for each functional
group. Specifically, in contrast to the unmodified BC, the
-OH and -C=C vibration peaks in the modified biochar
were notably weakened following soil amelioration, while
the C-O-C peak was significantly enhanced. This occurs
because Na' coordinates with dissociated -O~ to consume
hydroxyl groups, interacts with the m electrons of C=C, and
promotes hydroxyl condensation to form more ether bonds,
thereby indicating that modified biochar fixes Na* through

Table 2 Experimental design scheme and results of response surface method

Source Sum of Squares df Mean Square F-value p-Value

Model 2.52 9 0.2805 99.81 <0.0001 significant
A-water content 0.1026 1 0.1026 36.52 0.0005

B-time 0.8546 1 0.8546 304.14 <0.0001

C-Biochar ratio 0.4651 1 0.4651 165.53 <0.0001

AB 0.0024 1 0.0024 0.8367 0.3908

AC 0.0002 1 0.0002 0.0851 0.7789

BC 0.0091 1 0.0091 3.25 0.1142

A? 1.06 1 1.06 377.13 <0.0001

B? 0.0468 1 0.0468 16.64 0.0047

c? 0.0243 1 0.0243 8.63 0.0218

Residual 0.0197 7 0.0028

Lack of Fit 0.0048 3 0.0016 0.4292 0.7435 not significant
Pure Error 0.0149 4 0.0037

Cor Total 2.54 16

R?=0.99 Adjusted R2=0.98 Predicted R2=0.95
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soil salinity; (c¢) Interaction diagram of moisture content and biochar

functional group alterations(Yang et al. 2024). Additionally,
modified biochar demonstrated a substantial amplification
of the -CH vibration peak following soil amelioration, likely
due to ion exchange with soil Na*(Guo et al. 2022). Fur-
thermore, the significant enhancement of the Fe-O vibration
peak in CaFe-BC suggests that Fe mainly participates in ion
exchange via surface hydroxyl groups to fix Na*. The disap-
pearance of the Ca-O bond may result from Ca reduces soil
salinity through ion exchange and precipitation reactions(Li
et al. 2023). Moreover, XRD spectra (Fig. 2(a) confirm that
CaCOs/CaFe204 loaded on CaFe-BC could enhance ion
exchange efficiency by increasing affinity.

Further analysis of the XPS results revealed substan-
tial variations in the elemental valence states of the modi-
fied biochars (BC1, BC2, and BC3) before and after soil
improvement, with BC1 exhibiting the most considerable
difference. The C-C peak of BCI increased by 9.33% fol-
lowing soil improvement, indicating a carbon reduction.
Meanwhile, the contents of C-O and C=0 decreased by
10.69% and 12.01%, respectively (Fig. S1), indicating that
these oxygen-containing functional groups participated
in the adsorption process of soil salt ions and underwent
ion exchange reactions with Na*, Cl, and SO+*" in the soil
(Gongalo Filho et al. 2020). Based on the Ols XPS data
presented in Fig. 8(b), the M-OH and M-O contents of
BC1 increased after soil cultivation, primarily due to ion
exchange reactions between surface hydroxyl groups and
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soil Na*(Xue et al. 2024). Additionally, the Ca-O-C con-
tent of BC1 decreased from 24.63% to 21.33%, while the
Ca-O content increased from 75.37% to 78.67% (Fig. 8(d)
after cultivation. Additionally, the Fe(IIl) content decreased
(Fig. 8(c), further indicating that Na* participated in ion
exchange reactions with the surface hydroxyl groups of iron
oxides(Kang et al. 2023).

Soil cultivation and bath adsorption tests showed that
BC1 exhibited the best performance in saline-alkali soil
amelioration and salt ion adsorption. The characterization of
BC1 before and after soil amelioration revealed its primary
improvement mechanism, which is attributed to distinctive
structural features and elemental composition: (1) In terms
of physical structure, the acidic modification environment
could dissolve amorphous carbon and ash impurities in the
carbon skeleton of biochar through the etching effect of H",
effectively widening the pore channels and removing pore
blockages (Fig. 1 (b)). As a result, BC1 demonstrated the
highest specific surface area (129.16 m*g) and most well-
developed pore structure (pore volume of 0.131 cm3/g),
thereby providing numerous active sites and effective ion
transport channels. (2) The acidic modification environment
also inhibits the hydrolysis of Fe** and Ca?*, ensuring that
both metal ions are uniformly adsorbed on the biochar sur-
face in an ionic state. This ultimately achieved an optimal
loading ratio of Fe (2.70%) and Ca (10.35%), enhancing the
performance of the biochar. This improvement is attributed
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to the loaded Fe and Ca elements optimizing the surface
active sites and improving structural stability. In contrast,
although BC2 and BC3 exhibited greater specific surface
areas; however, excessive Fe/Ca loading caused non-uni-
form surface properties, resulting in diminished perfor-
mance of biocahr (Table 1). Therefore, rational control of
elemental loading ratios is crucial for optimizing biochar
performance.

According to the results presented earlier, the proposed
mechanism of CaFe-BC in the remediation of saline-
alkali soil is depicted in Fig. 9: (1) Ion Exchange: the Ca
(10.35%) loaded on BC1 exchanges with soil Na*, signifi-
cantly reducing sodium ion content. Additionally, surface-
loaded CaCOs and CaFe:04 offer abundant ion exchange
sites for salt ions, thereby amplifying this effect(Fig. 2(a)).
(2) Coordination adsorption: the oxygen-rich functional
groups (-OH, C-O-C, C-0O, and C=0) (Fig. 2(b)) in BC1
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promote the formation of stable coordination complexes
with Na®, thereby effectively lowering soil salinity. (3)
Electrostatic adsorption: Fe(Il) and Fe(II) loaded on BC1
adsorb Cl™ and SO+>" via electrostatic interactions. (4) Phys-
ical adsorption: the highly developed pore structure of BC1
fixes soil salt ions through physical adsorption (Fig. 1(b)).
In summary, ion exchange and coordination adsorption are
the primary mechanisms by which CaFe-BC ameliorates
saline-alkali soils.

3.8 Cost-effectiveness analysis

The synthesis of CaFe-BC takes corn stover, a freely avail-
able agricultural waste, as the core raw material, which not
only achieves the high-efficiency resource utilization of
agricultural solid waste but also significantly reduces the
basic cost of substrate preparation. The reagents adopted
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Fig. 9 Adsorption mechanism of calcium-iron composite-modified biochar on saline-alkali soil

in its modification process are Fe(NOs);'9 H.O and
CaS04:2 H>0O, with market unit prices of 0.041 USD per
gram and 0.1605 USD per gram, respectively—both are
common, easily accessible, and low-cost reagents in the
chemical industry. Based on the 47% yield of biochar, the
final preparation cost of per gram of CaFe-BC is merely
0.012 USD. According to existing research reports, the
preparation cost of biochar-based functional materials com-
monly used in the field of environmental remediation gen-
erally ranges from 1 USD per gram to 200 USD per gram
(Krasucka et al. 2021). The cost of CaFe-BC is reduced by
1-2 orders of magnitude compared with similar materials,
demonstrating extremely significant economic advantages.
Furthermore, the amelioration effect of calcium-iron modi-
fied biochar is significantly higher than that of other amend-
ments (Table S5). This low-cost characteristic stems from
the resource recycling of agricultural waste and the rational
selection of cheap modification reagents, which not only
effectively lowers the economic threshold for large-scale
production of the material but also provides solid economic
feasibility support for its large-scale promotion and applica-
tion in practical scenarios such as farmland soil remediation.

4 Conclusion

In this study, three CaFe-BCs (BC1, BC2, and BC3) with
different loading ratios were used to analyze the effects of
modification on the biochar structure and examine how they
improve coastal saline-alkali soils and the underlying mech-
anisms. The results showed that BC1 had the largest specific
surface area, pore volume, and calcium content compared
with those observed for BC2 and BC3. In soil incuba-
tion experiments, BC1 reduced soil pH, EC, total salinity,
SAR, and concentrations of Na*, Cl-, and SO+* by 11.07%,
88.17%, 71.01%, 96.43%, 98.18%, 97.77%, and 97.55% by
day 60, respectively (P<0.05). RSM identified the optimal
amelioration conditions of 70% soil moisture and 2% BC1
application, under which BC1 demonstrated considerable
efficacy. The FTIR, XRD, and XPS analyses of BC1 before
and after soil amelioration, demonstrated by its abundant
functional groups (-COOH, -OH, -C=0, Fe-OH, and Fe-0O),
facilitated the effective adsorption of soil salt ions via cat-
ion exchange, coordination, and electrostatic and physical
adsorption mechanisms, thereby reducing soil salinity and
effectively ameliorating coastal saline-alkali soils.
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5 Limitations and future research directions

The static cultivation experiments in this study were con-
ducted for 60 days within a controlled sealed system (poly-
ethylene bottles) under fixed moisture content settings (30%,
50%, 70%). Although these conditions differ from the envi-
ronmental factors encountered in actual field trials—such
as rainfall leaching, temperature fluctuations, and plant root
activity—the findings of this study provide a foundational
basis for application in field trials. In the future, long-term
field positioning experiments should be carried out to verify
the amelioration effect under real agricultural production
conditions, explore the interaction between modified bio-
char, soil microorganisms, and crops, optimize the biochar
modification process parameters. Meanwhile, advanced
characterization technologies should be used to deepen the
research on the amelioration mechanism at the molecular
level, providing more comprehensive technical support
and scientific basis for the comprehensive management of
coastal saline-alkali soil.
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supplementary material available at https://doi.org/10.1007/s11368-0
26-04266-0.
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